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RESEMBLANCES BETTOEN THE ELECTROMOTOR VARIA- ■ 
TIONS OF RHYTHMICALLY REACTING LIVING AND 
NON-LIVING SYSTEMS 

By RALPH S. LILLIE 

{Frovi the Laboratory of General Physiology, University of Chicago f Chicago) 

PUVTES 1 AND 2 

(Accepted for publication, May 3, 1929) 

It is well known that under certain conditions the reaction of iron 
wire with nitric acid exhibits an automatic rhythm of sometimes 
remarkable regularity, consisting in an alternation of active and 
passive periods.^ In a recent study of this phenomenon^ I have found 
the most regular rhythms in soft iron wire of low carbon content. 
Wire drawn from iron prepared by electrolysis of pure solutions of 
iron salts^ and the pure commercial soft iron known as Armco* are 
especially favorable. In hard steel wire (piano wire) the tendency to 
rhythm is slight, and any rhythm shown is local and irregular. In 
general the essential conditions for a regular and rapid rhythm (e.g., 

50 to 100 per minute), involving all parts of a wire of some length 
(10 cm. and more), may be defined as follows: (1) The acid must 
be of sufficient strength (>55 v.%), such that the passive state is 
one of stable equilibrium; the wire then reverts automatically to 
the passive state after each activation (spontaneous repassivation) ; 

(2) the wire must transmit states of activation readily and quickly; 

(3) it must recover its transmissivity rapidly after activation; and (4) 

^ For a compreheiisive account of rhythmical reactions in metals and in inorganic 
systems in general cL the monograph by Kiemann, R., “Die periodischen Erschein- 
ungen in der Chemie,” Ahrens Samndung chmischer und chemisch-technischer 
Vorirdge^ 1913, 19, p. 2 89; also the recent book by Hedges and Myers, “The Problem 
of Physico-chemical Periodicity,” London, E. Arnold & Co., 1926. 

* Lillie, R. S., Archivio di Scienze Biologiche, 1928, 11, 102, and Science, 1928, 

67 , 593. 

* Kindly furnished by the U. S, Bureau of Standards, Washington. 

^ American Rolling Mill Co. This iron contains 99.84% iron and less than 
0.02% carbon, according to analyses furnished by the Company. 
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to those found in steel wire, but the absolute rate of the process 
is much greater. 

The rhythm is most readily demonstrated as follows. A short 
length of clean bright Armco wire 2 mm. thick, 1 to several cm. 
long) is placed in a flat-bottom vessel containing nitric acid of 60 to 
80 v.% concentration.’ Usually a rhythmical reaction starts at 
once; the metallic surface shows at regular intervals an alternation 
between a steel bright and a dull lustre; on closer examination it is 
seen that the effervescence is confined to the dark periods, while 
during the bright periods the metal is nomreactive (passive). The 
number of cydes per minute varies usually between 40 and 100 or more, 
increasing with the concentration of acid and the temperature. The 
relative duration of the passive phase in each cycle increases with the 
strength of acid; in the weaker acid the appearance is that of a bright 
flash passing at intervals over the dark effervescent surface of the 
metal. If the add be left unstirred, the rhythm soon becomes irregu- 
lar and passes over into a continuous effervescence; but with stirring 
a regular rhythm may last indefinitely, z.c., until most of the wire is 
dissolved. ® 

Experiment shows that under these conditions the presence of the 
continually active or controlling region depends on the contact of the 
, metal with the glass. At some local area of contact the diffusion of 
reaction products and add is retarded and the add soon becomes too 
weak to repassivate the iron; the reaction then becomes continuous, 
t.c., a permanently active or anodal area is established . A wire freely 
suspended in add by thin glass filaments is non-rhythmical; when 
activated it shows a single reaction and immediately becomes again 
passive and remains so. Rhythm, however, can readily be induced by 
locally interfering with diffusion or otherwise maintaining a permanent 
local activity.® The method finally adopted was to insert one end of 
the suspended wire into the interior of a narrow glass tube for a few 
millimeters. When such a wire is activated a few times (by touching 

’ Volumes of HNOs, C. P., Sp. Gr. 1.42, in 100 volumes of solution. 

* For further details cf. Lillie, R. S., loc. cii.'* 

® E.g., continual contact of copper, zinc or other metal, anodal in relation to 
passive iron, -mil induce rhythm; but such rhythms are irregular because of the 
difficulty of maintaining constant conditions. 
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a single localized region must be present in which the reaction of the 
metal with the acid is continuous; this permanently active region may 
be compared with the nodal or pace-making region of the heart; it 
furnishes a constant activating influence to which the rest of the wire 
responds as soon as it has recovered sufficiently. From this controlling 
region waves of activation travel along the wire at intervals deter- 
mined by the duration of the non-transmissive or “refractory” period 
which immediately follows each activation. In the rhythmically 
reacting wire, as in the heart, the regularity of the rhythm thus depends 
on the uniformity of the process of recovery, while the coordination 
or synchronization of activity in the different regions depends on 
transmission from a central or controlling region. 

Since activation and transmission in passive iron are known to 
depend on the alteration or breakdown® of the passivating surface 
film by local cathodic reduction, it is clear that the special properties 
of the film differ in different kinds of iron and are determined, in some 
manner not yet understood, by the special composition of the metallic 
surface. The film formed on steel wires during repassivation is 
highly resistant to reduction by the current of the local active-passive 
circuit; hence transmission of activation for more than a short distance 
is at first impossible. It is only after some minutes (in 70 v.% HNO3 
at 20°) that the wire regains the ability to transmit activation waves to 
an indefinite distance.® On the other hand, in Armco wire and 
electrolytic wire, under precisely surdlar conditions, complete trans- 
mission returns within one second or less.- From evidence not yet 
published (ha\dng reference to the rates of recovery in different 
strengths of acid) it seems probable that the fihn formed on steel wire 
is at first relatively thick, and that recovery is the result of its pro- 
gressive thinning by the solvent action of the acid, a certain limiting 
thickness (probably monomolecular) being eventually reached, cor- 
responding to the final state of maximum transmissivity. In pure 
iron wire the passivating film is from the first thin; hence recovery is 
rapid. The influences of temperature and concentration of acid on 
the rate of recovery in Armco wire are similar in their general features 

® Theoreticall}’, a sufficient interruption of continuity is all that is required. 

® Lillie, R. S., J. Gen. Physiol., 1920,3, 107; 1925, 7, 473. 
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with zinc) continuous ejffervescence soon appears in the enclosed 
region, and waves of activity then pass at regular intervals from this 
region along the whole wire. When the acid is stirred sufficiently to 
render the local conditions stationary, the rhythm preserves its 
regularity; otherwise it fluctuates and tends to accelerate. With- 
drawing the wire from the tube or otherwise arresting activity in the 
the pace-making area (e.g., by contact with platinum) at once arrests 
the rhythm, and the wire becomes permanently passive. Conversely, 
increasing the active area, as by inserting the wire farther into the tube, 
accelerates the rhythm. 

The manner in which the rhythm is influenced by the extent of the 
controUing active area, temperature, concentration of acid, electrical 
polarization of the wire by an external current, and length of wire have 
been briefly described in the two papers already cited. In the 
present paper the electromotor variations accompan 3 dng the rhythm 
will be described in some detail and their chief resemblances to the 
biological electromotor rhythms indicated. The variations of reaction 
velocity in the pulsating wire are an index of parallel variations in the 
passivating surface film, a regular rhythm implying alternate for- 
mation and breakdown of the film. The electrical variation is the 
most convenient and sensitive indicator of these changes in the film. 
Since there is evidence that variations in the semi-permeable proto-, 
plasmic surface films, affecting their permeability and electromotor 
properties, determine the bioelectric variations (membrane theory of 
Ostwald, Bernstein and their successors), the parallels between the 
electromotor variations in the two types of system are of interest as 
indicating the nature of the fundamental conditions determining 
activity in the irritable living system. In both cases the variations in 
chemical and electromotor activity appear to be primarily dependent 
on variations in the structure and composition of interfacial fihns. 

The wire (Armco, ca. 2 mm. in diameter) was bent so that a straight 
portion of its length, e.g. 6 cm. long, could be immersed horizontally 

Another form of rhythmical action is seen in “circuit transmission” in which 
a single “trapped” activation wave travels continually round and round a circular 
wire immersed in 80 v.% HNOj. Each region of such a wire shows a regular 
rhythm determined by the rate of travel of the wave. For a description of this 
phenomenon cf. R. S. Lilh'e, Science, 1929, 69, 305. 
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in the acid, which was contained in a vessel 10 cm, in diameter pro- 
vided with an outflow tube inserted into its side 1.5 cm. above the 
bottom. The other end of the wire was attached to a key (Harvard 
cross circuit type) from which connection was made through a rheostat 
to the string galvanometer. The other electrode was a strip of plati- 
num foil placed parallel to the wire at 2 to 3 cm. distance, A short 
portion of the wire, including the bend where it passed from the acid 
into the air, was coated with parafiin (to prevent irregular action 
which otherwise occurs at this region), leaving a length of ca. 5 cm. 
exposed to the acid. Opposite the free end of the wire was placed a 
glass tube, of calibre slightly greater than the diameter of the wire, 
into which the latter could be inserted for a short distance. In these 
experiments the inserted length was adjusted so as to secure the slow- 
est rhythm that was stable under the conditions. The platinum elec- 
trode and the wire were connected with the terminals of a tube rheostat 
of low resistance (29 ohms), and wires led from the sliding contact 
and one terminal to the string galvanometer, a small instrument of 
the permanent magnet type. The tension of the string and the dis- 
tance between slide and terminal of the rheostat were kept constant 
throughout the experiments. The speed of the recording surface was 
also constant at 0.8 cm. per second. The acid was led into the vessel 
by a siphon with its outlet near the insertion of the wire into the glass 
tube. The slow flow of acid provided the necessary stirring. 

The records contained in the present paper were made at room 
temperature (20° to 22°) . Under constant external conditions, with 
rhythms satisfactorily uniform, different wires show some variation in 
the rate of rhythm and in the form of the curve shown in each single 
cycle, but the essential features of the phenomenon are remarkably 
constant. The rate of rhythm increases with increase in the concen- 
tration of acid between 60 and 80 v.%. On either side of this 
range tegular rhythms are difficult to obtain; at 55 v.% the automatic 
return of passivity is uncertain and irregular, while at 80 v.% and 
higher the tendency to passivity predominates and the active period 
becomes extremely brief. The rhythms at 80 v.% are typically rapid, 
broken and irregular (Fig. 1) . At 85 v,% no satisfactory rhythms 
could be obtained. 

In a large number of observations the rhythms observed in the 
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different concentrations of acid at 20-22° fell nearly always within 


Concentratwn 
(V. % HNO,) 

Kate per minute 

60 

30-40 

65 

45-60 

70 

75 

60-80 

85-100 

80 

120 or higher 


An approach to a linear relation between rate and concentration 
seems indicated. The velocity and extent of the reaction in the pace- 
making area determine the rate at which iron ions pass into solution, 
and hence the intensity of the local activating current; and by 
the mass action law the reaction velocity should be proportional to 
the concentration of acid. But the area of the permanently active 
region cannot be controlled with any exactitude by the simple method 
used; it also varies as the reaction proceeds and the wire is dissolved 
away. There is also a rise of temperature in the enclosed column of 
acid, and this condition is probably largely responsible for the rapid 
acceleration of rhythm at the higher concentrations. 

Of greater interest is the manner in which the form of the curve 
varies in the different solutions. Figs. 1 to 5 give typical examples of 
records obtained from short lengths of Armco wire under the con- 
ditions described. The concentrations of acid were respectively 80, 
75, 70, 65 and 60 v.%. In these curves the upstroke corresponds 
to the change from passive to active, i.e., the iron becomes more anodal. 
It is apparent that as the concentration falls the duration of the active 
phase increases; activity is also more readily maintained at a nearly 
constant level, f.c., the tendency to passivity decreases. The plateau 
signifies a temporary’’ maintenance of the active state; this feature of 
the curs’e becomes more pronounced with decrease in concentration. 
With still further decrease the active phase lengthens rapidly and 
becomes indefinitely prolonged at a concentration of ca. 55 v.%;7.c., 
no spontaneous repassivation occurs in acid below this concentration. 
It is also noteworthy that the “dip” of the curve, representing the 
range of the variation of potential, is maximal at an intermediate 
concentration of 65 to 70 v.%. The period of steel-bright lustre is 
very brief in 60 v.% acid, as already’^ mentioned, and the slightness of 
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the dip in this solution indicates that passivity is less completely 
attained than in stronger add; this apparently signifies that the tem- 
porarily formed film covers a smaller portion of the surface. 

In all cases the upstroke, signifying the breakdown of the passivat- 
ing film, is rapid, reaching a maximum within a small fraction of a 
second. The process of repassivation, corresponding to the refor- 
mation of the film, then begins immediately, as indicated by the 
downward slope of the curve; this slope is steep and almost uniform in 
80% add and becomes more gradual as concentration decreases. The 
rather definite turning point or inflection in the downward slope, seen 
especially in the weaker acid, indicates that the passivation process 
undergoes rapid acceleration after reaching a certain critical stage. 
This stage may be taken as corresponding to the formation of a definite 
area of film-covered, i.c . cathodal, surface. Theoretical considerations 
indicate that as the cathodal area increases the total electric current 
between the active and the passive portions of the metallic surface 
also increases progressively up to a maximum and it is probable 

^®This current, other conditions being equal, would be maximal with equal 
areas of anode and cathode, since in general the strength of current in a battery 
system is directly proportional to the area of each electrode, i.e,, to the product 
of anodal and cathodal areas. If the area of the whole surface of the wire is unity, 

and if we regard anodal and cathodal areas as sharply defined, then if ^ is the 

cathodal area, ~ — ^ is the anodal area. The product of the two, — is maximal 
n ir 

when n = 2, i.e., when the wire is half covered w’ith the film. 

It is probable, however, that the density (i.e., intensity electrode area) of 
the local current traversing the surface of the wire, rather than its total intensity, 
is the chief factor to be considered, since the density determines the rate of electro- 
chemical reduction or oxidation in each unit area of surface and hence the rate of 
the activating or passivating influence at the region concerned. 

Designating the electrode areas as above, we see that over the cathodal sur- 
face the average current density is 4- ~ over the anodal surface it is 

n 11 

n- — - =» -. That is, the average current density at any time over either 

K* n n 

electrode surface is directly proportional to the area of the other electrode surface. 
This shows, e.g,, that the density of the current at the cathodal (i.e. passive) sur- 
face increases linearly as the anodal surface increases, and tice versa. Activation 
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that the increase in the rate of passivation {i.e. of film formation over 
the prewously active areas) corresponds to a critical increase in the 
intensity or density of this current. Anodal oxidation, • recognized 
as a chief general means of inducing passivity in metals, is un- 
doubtedly a main factor in the reformation of the passivating 
film.i^ 

In addition to these larger rhythmical variations of potential 
slight irregular fluctuations occur under a variety of conditions. In 
curves with well defined plateau ie.g. Figs. 4 and 5) a slight notch or 
dip is often seen just before the final rapid descent which accompanies 
repassivation. When the active phase is greatly prolonged, as in acid 
betw^een 55 and 60 v.% concentration, an irregular rhythmical fluctua- 
tion often lasts throughout the entire active period. Similar variations 
frequently occur during the passive phase, especially when the “pause” 
is prolonged. Figs. 6 and 7 illustrate this condition. In the case 
illustrated by Fig. 6 the wire spontaneously ceased activity after a 
series of regular pulsations in 65 v.% acid (at 22°), apparently as a 
result of the dissolving away of the free end inside the glass tube. 
The last few beats show retardation with an accompan 3 dng increase 
in the range of variation; the potential then falls progressively, with 
irregular fluctuations indicating an oscillation between activating 
and passivating influences, to a level corresponding to complete 
passivity. In general, when the interval between successive cycles of 
a rhythmical series is prolonged, the variation of potential is increased ; 

requires more than a certain critical density of current; hence slightly scraping a 
passive wire in HNO 3 with glass may fail to activate the wire as a whole — i.e., 
fail to cause a transmitted effect — while a larger scrape activates.® Correspond- 
ingly, any local active area in a passive wire will spread, with an automatic ac- 
celeration (t.e. e.xplosively), as soon as the area becomes large enough; similarly 
(although the conditions differ in detail) with a passive area. The steepness in 
both the ascent and descent of the curves may thus be understood. The irregu- 
lar oscillations about a midway position shown in Figs. 6 and 7 are also probably 
an e.xpression of the mutual influence e.xerted by local anodal and cathodal areas. 
The e.xistence of such an influence between the active and passive areas of the same 
wire was early noted by Schonbein (Philos. Mag., 1836, Vol. 9). 

** This influence is seen (c.g.) in the retardation and arrest of the rhythm of a 
pulsating wire when it is made the anode of an e.xternal circuit." The relative 
duration of the passive phase is at first lengthened, and with sufficient polarizing 
current the wire soon comes to rest in the passive state. 
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the form of the curve also undergoes a change which is illustrated in 
Figs. 6 and 7. 

It will be seen from Fig. 6 that the whole variation of potential 
between activity and complete passivity in 60 v.% acid has approxi- 
mately twice the range of that shown in each single cycle. The 
potential difference between completely active and completely passive 
wires, in 60 to 70 v.% HNOa, as shown when the two are connected 
through a voltmeter, is of the order of 0.7 volt. During the rhythmical 
series the variation is ca. 0.35 volt, t.c., the wire is reactivated before 
passivation has reached the complete or equilibrium stage. That this 
is the case is also shown by comparison with Fig. 8 which gives records 
of single variations resulting from successive brief contacts of zinc 
with a non-rhy thmical wire in 65 v.% acid at intervals of a few seconds 
(22°) . The variations are seen to be uniform in character and duration , 
but of approximately twice the range characteristic of each cycle of the 
rhythmical series. 

In the comparison with living tissues the more general conditions are 
of chief interest and may be here briefly reviewed. The known rela- 
tions between stimulation and variation of permeability indicate that 
alternate breakdown and reformation of interfacial films are the 
controlling factors in the living as well as in the non-living system, 
stimulation corresponding to breakdown of the protoplasmic surface 
film and recovery to its reformation. In both systems these processes 
are under electrical centrel. It is also to be noted that in general 
the recovery in living tissues is more directly associated with con- 
sumption of oxygen than is the stimulation ; this would indicate that the 
normal semi-permeable properties of the film in the resting or recovered 
cell are determined by some oxidation product or products, or by 
some by-product of an oxidative reaction. Alternate oxidation and 
reduction are the essential features of the chemical reaction cycle in 
the passive iron system; and such general physiological facts as polar 
stimulation and electro tonus indicate that in this respect also the 
general conditions in irritable protoplasmic systems are similar. The 
complete dissimilarity in the chemical details of the controlling surface 
reactions in the two cases is in no sense incompatible with an identity 
in the fundamental physical conditions of the reactions. 
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The precise form of the electromotor curve in the rhythmical iron 
system shows considerable variation, as the foregoing examples illus- 
trate. Similarly the form of the electrocardiogram varies widely in 
different animals;^" these variations are to be referred in part to special 
anatomical peculiarities, as well as to differences in the time-relations 
and other features of the characteristic reaction cycles. In simple 
invertebrate hearts curves resembling closely those of the iron wires 
occur frequently. A rapid upstroke, sloping plateau and rapid down- 
stroke are seen, for example, in the hearts of moUusca (Aplysia^®) and 
Crustaceans (Maja,^® Homarus^^). Oscillations in the plateau are a 
regular feature of the hearts of Maja and Limulus.^^ In the vertebrate 
heart, with its several chambers and differentiation of conducting and 
contractile tissues, such resemblances are less evident, and variations 
in the position of the leading-off electrodes affect greatly the form of 
the curve. In many cases, however, the electromotor variation of a 
single chamber (e.g. ventricle) conforms to this type of curve.^® 

SUMMARY 

1. The electromotor variations of pure iron wires, arranged to react 
rhythmically with nitric acid, are recorded and described. 

2. Resemblances between these variations and those of rhythmically 
reacting living tissues (especially the heart) are pointed out and 
discussed. 


EXPLANATION OF PLATES 
Plate 1 

Figs. 1-S. Tracings from wires in HNO3 of the concentrations 80, 75, 70, 65 and 
60 v.%. Temperature 22°. The respective rates per minute are 140-150, 96-98, 
60, 46 and 35. 


For a rewew cf. the article by W. Einthoven, Handbuch der normalen imd 
pathologischen Physiologie, 1928, 8, 785. 

Hoffmann, P., Archiv f. Anal. 11 . Physiol., Physiol. Ablh., 1911, 135; cf. Fig. 
14, Taf. X. Cf. also the tracings from the heart of Helix in the article of C. 
Lovatt Evans, Zeitschr. Biol., 1912, 59,397, Fig. 3 and Plate VI, A,B,D. 
Hogben, L., Quart. J. Exper. Physiol., 1925, 15 , 264; cf. Figs. 21, 22. 

Cf. the tracings from the frog’s heart in Einthoven’s article,* ^pp. 813, 849. 
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Plate 2 

Fig. 6 . Tradng from wire in 65 v.% HNO 3 showing relapse from rhythmical to 
permanently passive state at the end of a series of pulsations. Note rapid oscilla- 
tions of potential during the relapse. Temperature 22®“23®. 

Fig. 7. Another part of the previous tracing showing prolonged pause with 
oscillations of potential between pulsations. 

Fig. 8 . Variations resulting from successive contacts of a non-rhythmical wire 
with zinc. HNO 3 65 v.%. Temperature 22®. 
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A PRELIMINARY STUDY OF THE REDUCING INTENSITY 
OF LUMINOUS BACTERIA 

By E. NE\\T'0N HARVEY 

{From ike Physiological Laboratory, Priticeton University, Princeton) 
(Accepted for publication, ‘May 22, 1929) 

The studies of Clark* and his co-workers, and of Conant,* have 
called attention to the significance of oxidation-reduction potential 
as a measure of the reduction intensity of a chemical system, com- 
parable to acidity. The investigations of Gillespie,^ Cannan, Cohen, 
and Clark,* Coulter*^ and Dubos® have shown the significance of the 
concept for cell suspensions, while the work of the Needhams,® 
Rapkine and Wurmser,^ and Cohen, Chambers, and Reznikoff* has 
been concerned with the interior of the cell. 

Briefly, it has been observed that different cells or cell suspension 
in absence of oxygen, possess a reduction intensity constant at a certain 
level, depending on the type of cell, which can be determined by ability 
to reduce some but not others of a series of oxidation-reduction 
(redox) indicators of different reduction intensity. When gold or 
platinum electrodes are placed in such suspensions the final electrical 
potentials obtained correspond to those expected from the redox 
indicator series. Some anaerobes may carry the potential to the 
overvoltage side of the hydrogen electrode and actually form hydro- 

* Clark, W. M., and collaborators. Collected Studies, 1923-26, Bull. No. ISI 
Hygienic Lab. U. S. Pub. Health Service, Chem. Rev., 2, 127, 1925. 

' Conant, J. B., C/icm. Rev., 3, 1, 1926. 

’ Gillespie, L. J., Soil Science, 9, 199, 1920. 

* Cannan, Cohen and Clark, Supp. No. 55 to Pub. Health Reports, 1926. 

** Coulter, C. B., J. Gen. Physiol., 12, 139, 1928; Coulter and Isaacs, /. Exp, 
Med.,49, 711, 1929. 

® Dubos, R., J. Exp. Ued.,49, 507, 559, 575, 1929. 

* Needham and Needham, Proc. Roy Soc., 98, 259; 99, 383, 1926; Protoplasma, 
1, 255, 1926. 

^ Rapkine and Wurmser, Proc. Roy Soc., 102, 127, 1926. 

® Cohen, Chambers and Reznikoff, J. Gen. Physiol., 11, 585, 1928. 
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gen. In aerated suspensions the observed potential is naturally much 
further toward the oxidizing side and correspondingly redox indicators 
cannot be reduced that reduce easily under anaerobic conditions, 
but even so both cells and cell suspensions possess far greater reducing 
intensity than would correspond to the air electrode and indicators 
are held reduced that oxidize readily in air. Both suspensions and 
cells are rather poorly poised, but new reducing material seems to be 
slowly mobilized from some large reserve. Perhaps it should be 
emphasized that the above statements apply when the redox indicator 
is injected into a cell as well as when cell suspensions in the redox 
indicator solutions are used. 

Luminous bacteria offer special advantages for oxidation-reduction 
studies, since the luminescence is an indication that oxidative reactions 
connected with light production are proceeding within the cell. In 
the crustacean, Cypridina, luminescence is connected with the oxida- 
tion of luciferin to oxyluciferin in presence of luciferase. Cypridina 
luciferin can only be oxidized to oxyluciferin rapidly by such systems 
as quinhydrone (not by o-chloro-indophenol) while oxyluciferin can 
only be rapidly reduced by such systems as anthraquinone 2, 6 di Na 
sulphonate. Between these systems luciferin is not oxidized by an 
oxidant and oxyluciferin not reduced by a reductant, so that we are not 
dealing with a truly reversible equilibrium and I have spoken of the 
apparent oxidation and apparent reduction potential of luciferin- 
oxyluciferin in Conant’s- sense (Harvey®). 

Luciferin and luciferase have never been demonstrated surely in 
luminous bacteria and the luminescence of these forms seems to be 
connected closely with other oxidative processes in the bacteria, since 
it is dimmed by dilute KCN which has practically no effect on the 
luminescence intensity of Cypridina. It should be pointed out, how- 
ever, that KCN has a far greater effect in suppressing the respiratory 
o.xidations than in decreasing bacterial luminescence (Harvey^®) 
and Shoup” has recently shown that the oxygen consumption can be 
reduced to one-half the normal value by low concentrations of oxygen 

® Han-ey, E. N., J. Gen. Physiol, 10, 385, 1927. 

Han'ey, E. N., J. Gen. Physiol, 8, 89, 1925. 

** Shoup, C. S., unpublished observations. 
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before the luminescence intensity is affected. The respiratory and 
luminescence oxidations are not equally affected. 

Nevertheless there are certain phenomena connected with the 
luminescence of bacteria as affected by the redox indicators, that sug- 
gest rapid oxidation of luciferin, although the interpretation of effects 
on luminescence are difficult. These will be considered below. 

These oxidation-reduction studies were carried out on a suspension 
of the bacterium, a rod-shaped form isolated from fish and identified 
as Bacillus jischeri by Br. S. E. Hill,^® in m/4 phosphate buffer of 
Ph = 7.6, in which respiration and luminescence continue for some 
hours. If allowed to stand they use up the oxygen, when their lumin- 
escence disappears, and produce CO 2 in corresponding amount, but 
an amount which is too small to change the Ph of the highly buffered 
medium. The oxidized indicator** solutions were made up fresh and 
placed in tubes in small amount and sufficient thoroughly aerated 
concentrated bacterial suspension added to bring the indicator con- 
centration to approximately m/ 100,000 to m/10,000. No doubt the 
proper method of comparing redox indicators is in equimolecular con- 
centration but some indicators are so highly colored as compared with 
others in equimolecular concentration that the color obscures the 
luminescence.^* I have found it better in practice to add enough 
indicator to give just observable color that does not absorb much of 
the light from the baceria. It must be borne in mind that too much 
indicator added to bacterial suspension will overbalance the reducing 
capacity of the bacteria and no reduction of the indicator will occur 
even though plenty of time is allowed. The luminescence will also be 
permanently quenched by higher concentrations of indicators. 

The mixture of indicator and bacterial suspension then stood un- 
disturbed and the effect on luminescence and on color change in the 
indicator noted, especially the relation between reduction of the 
indicator and disappearance of luminescence. Part of the time for 

*2 Hill, S. E., Biol, Bull., 55, 143, 1928. 

** Most of the indicators were obtained from the La Motte Chemical Products 
Company. I am deeply indebted to Dr. Barnett Cohen for Nos. 5, 6, 13 and 17, 
and to Dr. J. B. Conant for Nos. 9, 10, 14, 15,21, and 22. 

** Quinone has a far greater effect in dimming a suspension of lummous bactferia ' 
than O’Cl-indophenol in the same molecular concentration. 
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disappearance of color is that necessary for the bacteria to use up the 
oxj^gen in solution and part, the time required to reduce the dye. Of 
course luminescence always disappears when dissolved oxygen has 
been utilized by the respiration. 

Observations were also made on the intensity of luminescence and 
the reoxidation of the reduced dye by air, when the suspension is 
again thoroughly aerated. Table I gives these general relations for a 
series of reversible indicator and oxidation-reduction systems. Some 
are known to be relativelj’’ harmless for sea urchin eggs® (Column 7) 
and present no obvious toxic effects on luminous bacteria (Column 8). 
Others are definitely toxic and for this reason it is somewhat difficult 
to analyze their effects. 

Considering first Column 5, it is generally true that reduction is 
easiest the higher the indicators stand in the series. This is shown 
by the time for reduction, which in general lengthens as we proceed 
downward in the series and especially by the fact that some of the dyes 
can be reduced before the luminescence disappears or dims, others 
reduce simultaneously with the dimming of luminescence, and others 
only after all trace of luminescence has disappeared. The indigo 
mono-sulphonate cannot be reduced at all. These relations are 
indicated by the letters a, b, c, which come in order from above down. 

Shoup’s studies” in this laboratory have indicated that the lu- 
minescence of an emulsion of bacteria just begins to dim at about 
0.26 per cent oxygen (2.6 X 10“® atmosphere). At oxygen pressures 
above this value the luminescence intensity remains the same. A 
just perceptible luminescence can be detected with an oxygen pressure 
of 0.0007 per cent (7 X 10“® atmosphere) (Harvey and Morrison'®) 
but this value is only to be regarded as an order of magnitude, since 
it depends on many variable factors such as dark adaptation of the 
eye, thickness and concentration of bacterial emulsion, etc. The 
reduction of some indophenols while the luminescence is still bright 
indicates that there must be present in the emulsion 0.26 per cent 
oxygen, an amount far above the theoretical pressure of oxygen that 
would be in equilibrium with an electrode in contact with reduced 
indophenol. The obser\’-ation simply shows that the reduction of 

'® Han-ey and Morrison, J. Gen. Physiol., 6, 13, 1923. 
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indophenol in the bacterial suspension is no indication that the oxygen 
has been reduced to a very low figure and it is quite possible that in 
suspensions of bacteria containing reduced methylene blue, even 
though no luminescence is visible, the concentration of oxygen is not 
so low that the “last molecule” has disappeared, i.e., the oxygen 
pressure may not necessarily be that theoretically in equilibrium 
with an electrode in contact with reduced methylene blue. The 

Ro values given in the table are log — values where Po = oxygen 

Po 

pressure in atmospheres. The oxygen pressure in the case of o-indo- 
phenol would be theoretically ® atmosphere, whereas the bacteria 
are stiU luminescing brightly/ 

From the data in the table we can put the reduction potential of 
the bacterial suspension in air in the Rh region 18 to 20 whereas the 
reduction potential in absence of oxygen is in the region Rh = 8 to 
10. We might predict that potentiometric observation with the gold 
electrode in nitrogen should give an Eh value around —0.20 volts or a 
potential of —0.446 against the saturated KCl calomel electrode. 
One of my students, Mr. Emerson Holcomb, is now engaged in a study 
of these potentials and a quantitative investigation of the reduction of 
these systems, penetration, the place where reduction occurs, whether 
inside or outside the cell, etc. 

The reduction of a number of other dyes whose position in the redox 
scale is not accurately known was also tested, namely: trypan red, 
alizarin blue S, Na carminate, bismark brown, neutral red, trypan 
blue, anilin green, brilliant cresyl blue, bordeaux red, toluidine blue, 
janus blue, methyl violet B, thionin, isamine blue, methyl green, 
diazin green, rhodamine, vital red HR, neutral fuchsine, nile blue and 
safranin. Of these, only brilliant cresyl blue, toluidine blue, and 
thionin were reduced. 

These luminous bacteria are obligatory aerobes (Shoup'f) and their 
behavior toward indicators is what we should expect from our general 
knowledge of the behavior of aerobic cells and suspension toward the 
redox indicator series.'* The luminescence does not endow them with 
am’- unusual behavior. 

** Shoup, C. S., Proc. Soc. Exp. Biol. Med., 25, 570, 1928. 
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When effects of the redox series on linninescence are analyzed we 
can make the general statement that the more oxidizing members 
readily dim the luminescence while the more reducing members 
(in the oxidant form) do not, apart from the absorption of light which 
results from their color. One might interpret this as meaning that 
their redox potential is greater than that of luciferin and consequently 
they oxidize most of the luciferin, leaving none or little for lumines- 
cence. Su ch an interpretation i s attractive and from what we know of 
the behavior of Cypridina luciferin quite applicable to quinone, but 
in view of the fact that 1.4 napthoquindne, which stands low in the 
series, also causes rapid dimming as well as other napthoquinones and 
xyloquinone, we cannot regard this explanation as unequivocal. It 
may merely be that the quinones in general are toxic, for the lumines- 
cence of bacteria can be dimmed by anesthetics and other substances 
which have no oxidizing action. However, the anthraquinone sul- 
phonates (in oxidized form) do not affect the luminescence and also 
stand well down in the series. 

One might expect that K ferricyanide, a strong oxidizing substance 
and hence one which should immediately oxidize luciferin, would dim 
the light and yet there is no effect with either K or NH^ ferricyanide, 
even in ii/lOOO concentration. I interpret the lack of effect to mean 
that these salts cannot penetrate the bacterial cell. KMnOi dims 
somewhat in m/5000 concentration, whereas quinone prevents 
luminescence entirely at far greater dilutions than this. 

The chief interest lies in systems of which o-Cl-indophenol is a 
good example, which, in weak concentrations, cause an initial dimming 
of the luminescence which soon returns to its original brightness. 
This recovery of the luminescence intensity occurs as the color of the 
indicator fades but is not entirely connected with absorption of light, 
as dimming occurs in concentrations so weak as to have practically 
no color. I interpret it to mean a rapid oxidation of luciferin by the 
indophenol so that no luciferin is left in the cell to produce light. As 
the indophenols are reduced more luciferin can be produced and the 
luminescence returns. The dyes are reduced while the luminescence 
is bright, showing that oxygen is present, and in fact the dyes can be 
reduced while air is bubbled through the suspensions as has been 
observed with many indophenols.** Addition of ferricyanide rnn 
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immediate return of the dye color by reoxidation and a second dimming 
of luminescence. So long as we hold the indophenol in the oxidized 
form the luminescence is dimmed. 

The indicator dyes having an Rh of 18.1 or less, with the possible 
exception of toluylene blue, do not seem to affect the luminescence in 
small amount apart from the absorption of light due to their color, 
and it is especially interesting to note that the colorless anthraquinones 
do not interfere with the luminescence, and should not from their 
position in the redox series. 


SUMMARY 

The effect of a series of redox indicators and systems has been tested 
with a suspension of luminous bacteria {B.fischeri) in m/4 phosphate 
buffer of Ph = 7.6. 

The indicators behave as expected from their position in the redox 
series, the most positive being reduced rapidly even in presence of air 
and before luminescence of the bacteria disappears, those of inter- 
mediate position at the time luminescence disappears, and the more 
negative only long after the luminescence had ceased, due to utiliza- 
tion of oxygen by the bacterial respiration. Indigo monosulphonate 
was the only indicator not reduced on long standing of a bacterial 
suspension. The aerobic redox potential may be placed at an Rh = 
18-20 and the anaerobic potential at an Rh = 8-10. 

Ferricyanides do not affect luminescence and behave as if they could 
not penetrate the bacterial cell. Quinone and the napthoquinones 
cause progressive dimming of luminescence in any concentration which 
affects the light but it cannot be definitely stated that this is due to 
rapid oxidation of luciferin although it seems likely in the case of 
quinone. Some indophenols dim the luminescence at first, followed 
by return of brightness, which is interpreted to mean rapid oxidation of 
luciferin while the indophenol is unreduced, more luciferin production 
after reduction of indophenol. The more negative redox systems do not 
affect the luminescence. Investigation of indicator reduction and 
luminescence is being continued. 
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By JOHN H. NORTHROP 

{From the Laboratories of The Rockefeller Institute for Medical Research, 
Princeton, N, J.) 

(Accepted for publication, May 25, 1929) 

Collander (1) found that the permeabiUty of ^‘dry” collodion mem- 
branes was essentially the same as that of living cells in that they 
allowed the passage of weak acids, bases, etc., but not of salts nor 
strong acids. Living cells possess another striking characteristic in 
that they are able to maintain a constant difference in concentration 
of solutes between the interior of the cell and the surrounding solution. 
This behavior can be accounted for if it be assumed that the substance 
becomes changed after entering the cell to one which cannot pass 
through the membrane. The non-diffusible form will then concen- 
trate inside the cell. The results obtained in the previous study (2) 
of dry collodion membranes predict the conditions necessary for this 
result. ' 


Concentration of Iodide Ion 

Dry collodion membranes are readily permeable to iodine but are 
impermeable to iodide ion or to thiosulphate. If, therefore, a satu- 
rated solution of iodine is separated from a solution of thiosulphate 
by such a membrane the iodine will diffuse through the membrane and 
become reduced to iodide which cannot diffuse out. The iodide will 
therefore continue to collect in the cell. This will continue until all 
the thiosulphate has been used up and the activity (vapor pressure) of 
the iodine becomes equal on the two sides of the membrane. 

The result of an experiment set up in this way is shown in Fig. 1, 
The membranes were made as previously described and were suspended 
in 500 cc. of a saturated solution of iodine in whler with excess solid 
iodine present. The concentration of iodine outside remained con' 
stant. The concentration of iodide inside increases slowly, and until; 
about the 50th day no iodide was found outside showing that the • 

21 . ’ 
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brane is impermeable to both thiosulphate and iodide. At this time 
the membranes became yellow and crinkled and the concentration of 
iodide inside suddenly increased, while at the same time iodide began 
to appear in the outside solution. The membranes had evidently 
lost their semipermeabUity and become like dead cells. 


Concmiralion of Chloride Ions 

It was found previously that mercur)’- chloride passed through dry 
collodion membranes while all other chlorides tested could not pass 
through. A system, therefore, in which the mercury chloride was 



Fig. 1. Concentration of iodine in cell: NaoSjOg 0.10 m/Ij — water. 


changed to another chloride after entering the cell would concentrate 
chloride ions. 

The results of such an experiment are shown in Fig. 2. The cell 
contained originally 0.011 ii HgCb and 0.05 ii Na 2 Cr 04 inside and 
0.011 HgCb and 0.05 NasSO^ outside. On mixing the mercury was 
precipitated as HgCr 04 . The activity of the mercury chloride was 
therefore less inside than out and so more mercury chloride diffuses in 
and the chloride ion concentration increases as shown in the figure. 
This would continue until the product of the Hg and Cl ion activities 
inside and out were equal. Since the membrane is permeable for 
water it would also be necessary that the vapor pressure of the water 




30 60 90 lEO 150 180 

D6yB 

Fig. 3. Concentration of acetate ion in cell: 0.01 acetic acid/CaCOj — water. 
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be the same on both sides at equilibrium. In this case the condition 
is nearly fulfilled because of the sodium sulfate outside. The con- 
dition could be equally well fulfilled by exerting pressure on the inside 
solution. 

Concentration of Acetate Ions 

Acetic acid penetrates the membrane while acetate ion does not. If 
the acid is changed to an acetate after entering evidently acetate ion 
will become concentrated in the cell. This may be accomplished in 
a number of ways but the most convenient is to place solid calcium 
carbonate in the cell. The result of such an experiment in which a cell 
containing a suspension of calcium carbonate in water was placed in a 
solution of 0.01 M acetic acid is shown in Fig. 3. The concentration 
of acetate ion in the cell was determined by titrating a sample from pH 
7 to pH 3.0 with 0.01 M HCl. The acetate ion concentration in the 
cell increases slowly and becomes greater than the total acetic acid 
concentration outside, and therefore many times greater than the ace- 
tate ion concentration outside. The process would continue pre- 
sumabl}’’ until the activity of the acetic acid (which is proportional to 
the product of the activities of the H times the acetate ion) was equal 
on the two sides. The vapor pressure of the water must also be equal 
at equilibrium due eitlier to hydrostatic pressure on the inside or to 
the addition of some non-diffusible solute outside, or to proper adjust- 
ment of the acetic acid-calcium acetate concentrations. 

This experiment is very similar to Osterhout’s (3) results with HoS 
and Valonia cells. 

The preceding experiments show that a model may be made which 
will concentrate ions just as do living cells. It is, of course, unlikely 
that the same ions take part in the transfer in the case of the livdng 
cells but it seems possible that the general mechanism is the same. 
Since the permeability appears to be a property of the molecular 
species rather than the ion it is possible that the potassium or calcium 
salt of some organic acid is able to penetrate the cell membrane. 
!Most organic acids are oxidized in the cell and if this occurred, the 
ion which entered with the organic ion could not escape and would be 
concentrated in the cell. There are e\idently a number of other 
possibilities which would lead to the same result. 
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SUMMARY 

The properties of dry collodion membranes previously described 
allow the prediction that cells of these membranes will concentrate 
solutes under certain conditions. Three such cases have been studied 
experimentally. 

1. A membrane containing thiosulphate and immersed in a solution 
of iodine concentrates iodide ion. 

2. A membrane containing sodium chromate and immersed in 
mercury chloride concentrates chloride ion. 

3. A membrane containing calcium carbonate and immersed in 
acetic acid concentrates acetate ions. 
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THE RESPIRATION OF LUMINOUS BACTERIA AND THE 
EFFECT OF OXYGEN TENSION UPON OXYGEN 
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(From the Physiological Laboratory, Princeton University, Princeton, and the Marine 
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(Accepted for publication, May 20, 1929) 

INTRODUCTION 

In the case of large organisms the rate of respiratory exchange will 
depend (1) on the amount of oxygen available for use, and (2) on ade- 
quate respiratory and circulatory mechanisms in the body. Amber- 
son and his associates* in the case of several marine invertebrates, and 
S. Nomura** with the Holothuiian Caudina, have shown that the rate 
of oxygen constimption is proportional to the oxygen tension of the 
medium. P Utter*®* examined the oxygen consumption of several 
invertebrates at low pressures of oxygen and determined the limiting 
value for oxygen at which respiratory activity was equivalent to that 
in air. Very recently Hall*® has shown the dependence of certain 
marine fishes upon the amount of available o^gen in the medium and 
the haemoglobin content of the blood for complete respiration. In all 
of these larger fonns the rate of oxygen consumption is dependent upon 
oxygen concentration over a wide range of oxygen pressures. 

In general, organisms such as protozoa or bacteria are small enough 
to allow complete diffusion of gases dissolved in the medium, and 
consume oxygen at a constant rate independently of the oxygen pres- 
sure until the oxygen concentration falls to a point allowing incomplete 
activity of the respiratory mechanism within the cell. Only then does 
the rate of oxygen consumption diminish, and in many forms this 
limiting value for adequate respiration will be very small indeed, as 
has been shown by various workers, (Warburg,*** Henze,** Lund,** 
Putter, ***» Harvey ***•) whose experiments indicate that in unicellular 
27 



28 


RESPIRATION OF LUMINOUS BACTERIA 


organisms ox}’'gen consumption remains independent of oxygen con- 
centration over a very wide range of oxygen pressure. Amberson^ 
has shown that the oxygen uptake of Paramecium is practically con- 
stant from 200 to 50 mm. Hg oxygen, and the limiting value for 
adequate respiration in these organisms is not reached until the oxygen 
tension falls below 50 mm. At 11 mm. of oxygen the reduction in the 
rate of respiration is only 20 per cent of that at atmospheric pressure. 
Lund^® has obtained results in agreement with those of Amberson on 
the same organism. Amberson also conducted experiments on the 
dividing egg of the sea-urchin and found that respiratory activity does 
not fall away from the rate at atmospheric pressure of oxygen until 
SO mm. Hg is reached, and no marked decrease in the rate of respira- 
tion occurs until oxygen pressure has been reduced to 20 mm. Hg. 

Estimations have been made of the rate of oxygen consumption 
vdth abundant oxygen by luminous bacteria when suspended in sea- 
water, by methods involving the time for dimming (Harvey”’’) and 
b}'- a manometric method (Har\’-ey”‘=) . In the present investigations 
measurements have been made of actual values for oxygen consump- 
tion and carbon dioxide production when the amount of available 
oxj’^gen is diminished, and also the rate of respiratory exchange before 
and following the dimming of luminesence of luminous bacteria due 
to lack of oxygen. The amount of oxygen necessary for the maximum 
luminesence is less than that required for maximum metabolism of the 
cell, and luminesence will still occur when only a very small amount of 
ox^'^gen is present (Beijerinck,® Harvey”'’). The actual amount of 
ox3’’gen necessary to give just visible luminesence has been estimated 
by Harvey and Morrison”® to be of the small value 0.0053 mm. Hg 
(0.0007 per cent). At least 90 per cent of available oxygen is con- 
sumed when dimming of a suspension of luminous bacteria occurs. 

In these experiments oxj’^gen consumption by luminous bacteria has 
been followed by two methods: (1) Colorimetric, involving the use of 
haemocyanin as an indicator of the presence of dissolved oxygen in 
suspensions of bacteria, and (2) a manometric method allowing direct 
volumetric determinations to be made of the amount of oxygen con- 
sumed in given time. 
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Colorimetric Delerminaiions of Oxygen Consimption 

It is necessary to have a convenient indicator for the presence of ox>’gen if the 
rate at which ox>'gen is removed from a suspension of bacteria is to be observed. 
No colorimetric indicator of oxygen is available in which living cells may be placed 
excepting the blood-serum of certain crustaceans containing the copper-protein 
compound haemocyanin. The methods followed in these experiments are similar 
to those suggested by Osterhoul^^ and Harvey for the use of Limitlus haemocy- 
anin as an oxygen indicator. Luminous bacteria live perfectly well in the oxy- 
genated Limulus serum, and as they consume ox>>^gen from the serum in which 
they are suspended it passes from the dark blue of fuUy-oxygenated oxyhaemocy- 
anin to the colorless reduced haemocyanin free of oxygen. 


TABLE I 
Color Slaitdards 


Tube No. 

Oxysenated haemocyanin 

1 

1 part to 9 parts sea-water 


2 

2 parts” 8 


3 

3 « ..7 « « 


4 

4 « 6 « « 


5 

5 ” ” S » 

Each tube with 1 cc, bacterial 

6 

6 “ “4 “ " 

suspension killed with toluol 

7 

7 “ ”3 “ " 


8 

8 ” ”2 “ “ 


9 

9 “ “1 part sea-water 


10 

10 ” ” 0 ” “ j 



The color change of a standing tube of serum containing luminous 

bacteria was followed, and the actual time for the consumption of available oxj’gen 
was determined. The experimental tube containing living luminous bacteria in 
blood-serum was compared with a set of standards from dilutions of oxygenated 
Limtthts haemocyanin to represent the shade of blue color present at definite 
percentages of oxyhaemocyanin. Corresponding oxygen tensions for each 
percentage of oxyhaemocj'anin were taken from the haemocyanin-oxj'haemocyanin 
dissociation curve of Redfield, Coolidge, and Hurd.-^ Color standards were made 
as shown in Table I, using ten uniform test-tubes. 

The killed bacterial suspension was added to give to the color standards the 
same degree of turbidity that is exhibited by an experimental tube prepared 
according to the same method. 

A series of indicator tubes prepared as above serv'ed for comparison with a 
standing tube of Limtdus ox>'haemocyanin containing 1 cc. of thins lumino^ 
bacteria whose ox>'gen consumption was to be measured. The exact tune was’ 
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taken ^vhenever the experimental tube compared exactly in color with one of the 
standards. The blood-serum was thoroughly shaken with air imtil completely in 
equilibrium; the time was taken from the moment the luminous bacteria were 
added to the tube of serum. As the oxA'haemocj'anin was reduced b}’’ the bacteria 
in the experimental tube confusing 3'ellou'ish pigments appeared with the diminu- 
tion of the blue color of the oxj'haemocj'anin. A small amount of Orange G added 
to the color standards compensated for this color change in the experimental tube. 

In Table 11 the corresponding oxj’-gen tensions and volume per- 
centages of ox 3 ’gen for each standard tube are given. It will be seen 
that no color change occurs until the bacteria have reduced the oxygen 
concentration in the experimental tube to a value corresponding to 
28.50 mm. Hg tension (3.75 per cent ox}'’gen). This will correspond 
with standard Tube 8, one being scarcely able to distinguish a color 
change between standard No. 8 and standard No. 9, while no \dsible 
change from blue to less blue occurs above this value of oxygen. 
Ox 5 ^haemoc 5 ’'anin is within 10 per cent of complete equilibrium with 
the air at this value of oxj’^gen, and no distinction in color can be seen 
between 90 per cent and 100 per cent oxyhaemocyanin. 

Considerable time was therefore required for the bacteria to con- 
sume enough oxygen to cause a reduction of the oxyhaemocyanin 
to a point resulting in color changes at which determinations could 
begin. From a beginning value of 23.50 mm . oxygen to a point 
equivalent to standard No. 1, or 3.75 mm. (0.493 per cent oxygen), it 
was possible to follow the changes in the color of the experimental 
tube and to obtain a curve for color values against time. The oxj’^gen 
consumption cuiw^e obtained by this method is limited only by the 
extent of the color changes of haemocyanin when passing from the 
oxj'genated to the reduced condition. Fig. 1 shows this relation 
plotted against time. 

At the point of lowest possible concentration of oxygen estimated by 
the colorimetric method, the suspension of luminous bacteria in the 
serum was found to be stiU aglow. Dimming does not occur until 
after a complete reduction of the oxj'haemocyanin has been brought 
about. This maj" be determined by observing the experimental tube 
in the dark beside a control tube kept shaken and in equilibrium with 
the air. WTien the dimming of the experimental tube begins, it is 
easily noted by comparison with the brilliancy of glow in the control. 
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Table II gives complete data from a single experiment of oxygen 
consumption determination. 

In this experiment no dimming of the suspension of luminous bac- 
teria was detected until a total time of 16 minutes had elapsed, a point 
well beyond the time at which visible reduction of the oxyhaemocyanin 
had occurred. Hence, it is not possible to follow the rate of oxj^gen 
consumption beyond the point of dimming by this method. The 
character of the oxygen consumption curve beyond this point has 
been investigated by the manometric method to be described later in 
the present paper. 


TABLE II 


Experitnent July 11, i9Z7 


Time la minutes ' 
and seconds 

Standard tube 

No. 

Per cent | 

OayHty. 

Oxygen tension 
in mm 

-- 1 

Per Cent oxygen 
in suspension 

Log. oi oxygen 
tensions 

0.00 

10 

1 

100 , 

1 




1.00 

10 

100 (?) 1 

— 

— 


2.00 

9 


34.50 

1 4.53 1 

1.538 

2.45 

8 

80 

28.50 

1 3.75 

1.4SS 

3.10 

7 

70 

23.25 

1 3.27 

1-366 

3.40 

6 

60 

18.25 

2.40 

1.2fr4 

4.25 

S 

50 

13.75 

1 1.81 

1.138 


4 

40 

10.50 

' 1.38 

1.021 

6.15 

3 


7.60 

1.00 

0.881 

7.30 

2 


5.25 

1 0.690 

0.760 

10.00 

1 


3.75 

0.493 

0.574 


It may be noted in Fig. 1 that as oxygen consumption proceeds, 
equal parts of oxygen are consumed in equal times, independently of 
oxygen concentration (a “zero-order” reaction), down to a very low 
value of approximately 20 mm. Hg, before a marked reduction in the 
rate of oxygen consumption occurs. This is below a point correspond- 
ing with standard Tube 7, equivalent to 23.25 mm. oxygen, and stand- 
ard Tube 6, which corresponds to 18.25 mm. o.xygen. This is quite 
unlike the determinations made for larger animals where the oxygen 
consumption is proportional to the pressure over long periods of time 
and wide ranges of pressures. We cannot conclude that oxygen 
consumption of luminous bacteria is proportional to the oxygen 
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concentration except possibly at very low values of oxygen below the 
point of dimming. This is observed also in the complete curve ob- 
tained b}'’ manometric methods. Dimming of the suspension of 
bacteria occurs after the decrease in respiratory rate, indicating that 
the point of dimming is not the exact point at which oxygen concen- 
tration becomes just inadequate for maximum respiration of the cell. 

The decrease in the rate of oxygen consumption must occur at a 
point where the active reactant oxygen is diminished to a value not 



Time, in PJinules 


Fig. 1. O.’cj'gen consumption of a suspension of luminous bacteria 

quite sufficient to completely activate the respiratory mechanism of 
the cell, assuming that oxygen diffuses readily into these small organ- 
isms. This method for the determination of oxygen consumption is 
added to these studies to check later obsert^ations, and to call attention 
to the use of a colorimetric method for detection of the rate of oxygen 
consumption by small organisms. It should be borne in mind that 
there is no removal of the reaction product, carbon dioxide, but since 
Liiniilus blood is very well buffered, no inhibitory effects on the activity 
of the bacteria occurred, and the hydrogen-ion concentration of the 
serum did not change during the course of an e.xperiment. The 
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greatest disadvantage of this method is that the range of the indicator 
is extremely limited and Judgment of color values may often be 
inaccurate. 

Colorividric Determination of Carbon Dioxide Prodnetion by Luminous 
Bacteria 

The amount of carbon dioxide produced in a standing tube contain- 
ing a suspension of luminous bacteria in sea-water has also been 
determined by a colorimetric method. Haas^ and Saunders’® have 
previously used indicator dyes for the determination of carbon dioxide 
production by both marine and fresh-water animals. Henderson and 
Cohn'’ have published a table for the relation of the pH of sea-water 
to its carbon dioxide tension. By the use of indicator dyes it is 
possible to follow changes in the pH of a bacterial suspension in sea- 
water as the bacteria produce carbon dioxide and effect the bicarbo- 
nate buffer equilibrium. 

Allowance was made for the salt-error introduced, from the tables of Kolthoff 
and Furman,'® and careful check was made on the changing pH of the suspension 
in time. Curves plotted for the pH were expressed in terms of carbon dioxide 
tension according to the data of Henderson and Cohn. Suspensions of the 
bacteria were always shaken into complete equilibriiun with the air and added 
to a test-tube containing the proper amount of the indicator (Phenol red), whUe a 
like amount of the suspension was added to a test-tube without dye to serve as a 
control for observation in the dark to establish time for dimming. At the end of 
each observation, when the experimental tube had reached the lowest pH measure- 
able by the indicator, air was bubbled through the suspension to drive off the 
carbon dioxide produced and allow the suspension to return to near its original 
pH. This indicated that the change in pH was almost entirely due to the presence 
of the carbon dioxide produced by the bacteria. If the indicator did not return 
to within 0.15 of the original pH, the experiment was disregarded. 

Although luminous bacteria are verj' active producers of acid, as Hill" has 
shown, a great acid production occurs only when they are suspended in a medium 
containing carbohydrates. Since these experiments were always conducted with 
bacteria suspended in a non-nutrient medium free of carbohydrates, the acid 
production was very slight, the only source of acid being from the carbohydrates 
of the cells themselves and dead bacteria in the suspensions. The experiments 
were conducted over relatively short time intervals, and acid production at no 
time became too great for reading the pH values or such as to obscure results. 
It will be seen from Fig. 2 that in a series of experiments on carbon dioxide pro- 
duction in samples from a single suspension of luminous bacteria, there is a slieht . 



34 


RESPIRATION OF LUMINOUS BACTERIA 


rise in the hydrogen-ion concentration of the suspension at all times. This is the 
only evidence of the slight amount of non-volatile add that is produced by the 
bacteria as the suspension becomes older. However, only in old suspensions and 
suspensions made from old cultures were there sufficient quantities of acid to cause 
error to determinations. Consequently, all of the experiments were conducted 
with fresh and young, brilliantly-glowing cultures. 

In Fig. 2 the rise in the amount of carbon dioxide produced in the 
suspension proceeds at a constant rate from equilibrium with the air 



Fig. 2. Carbon dioxide production in a suspension of luminous bacteria. 
(Four determinations.) 

to near the point of dimming, as one should expect if luminous bacteria 
consume oxygen independently of the concentration down to a low 
value of oxygen pressure. Before the point of dimming a slowing of 
the rate of carbon dioxide production occurs, comparable to the 
decrease of oxygen consumption following the lowering of oxygen to 
a point permitting incomplete activity of the respiratory mechanism 
of the cell. 

In Fig. 2 a progressive increase in the time required for the dimming 
of a suspension of bacteria is indicated. Bacteria present in the 
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suspension gradually die and reduce the number of active cells. This 
will in turn decrease slightly the rate of oxygen consumption, allowing 
a longer time to be required for the reduction of the oxygen content to 
a point permitting dimming of the suspension because of lack of oxy- 
gen. An actual decay of the luminesence also occurs, even when the 
cells are adequately aerated. Hence, samples from the same suspen- 
sion when repeatedly used for determinations will show a progressive 



Fig. 3. Carbon diojdde production by luminous bacteria saturated with dr 
and pure oxygen. (Three determinations.) 


increase in the time for dimming. In very old suspensions a dim glow 
will be maintained for a remarkably long time. 

Samples for carbon dioxide determinations were taken from a stock 
suspension that was at all times kept in equilibrium with the air and 
free of accumulating carbon dioxide by a stream of air continually 
passing through. If this stream of air is replaced by pure oxygen, it 
is possible to obtain a complete saturation of the suspension with pure 
oxygen instead of air. This was done in some cases, bringing the 
suspension into equilibrium with five times the amount of oxygen 
present in air. A five-fold increase in the time required for the dim- 
ming of the suspension would then be expected if the bacteria consume 
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oxygen at a constant rate independent of the pressure down to a low 
value of oxygen. Carbon dioxide should be produced in large quanti- 
ties if all the oxygen in the suspension is consumed. This is approxi- 
mately what does occur, as illustrated in Fig. 3. 

Stephenson and Whetham-^'' have measured the carbon dioxide 
production of Bacillus coli communis when in equilibrium with air and 
oxygen and have obtained similar results. 


Relalive Time for the Dimming of a Suspension of Luminous Bacteria Saturated 

with Air and Oxygen 


Determination 

No. XII (air) 

No. Xn (saturated with oxygen) 

1 

3 . 10 minutes 

17 minutes 

2 

4.05 

22 

3 

5.00 

35 


It will be seen that in the last determination the time for dimming is 
more than five times that required for the dimming when in equilibrium 
with air. This is due to the reduced respiration of the bacteria when 
in contact with a very high concentration of oxygen, and to possible 
injury by high tensions of oxygen as indicated by Adams* and also by 
my own manometric experiments. 

In every instance following carbon dioxide determinations in the 
above experiments, the suspension of luminous bacteria returned 
practically to its original pH on aeration. 

The Effect of Oxygen Tensio7i upon Oxygen Cotisumption as Deter 7nined 

by Manojnetric Methods 

In the e.xperiments of Callow® respiration of bacterial suspensions 
was successfully measured by manometric methods. In the present 
e.xperiments the Thunberg-Winterstein microrespirometer was used 
in the form designed by Fenn,^“ with additional modifications to permit 
the passage of a gas mixture into the respiratory chamber, directly 
above the suspension of bacteria. 

By the use of a system of flow-meters, a mixture of pure nitrogen with air can 
be made in such a fashion that it is possible to obtain practically any desired 
o.x>'gen concentration in the total mixture of gas. Pure nitrogen was obtained by 
passing the commercial gas over hot copper in an electric furnace. The gas was 
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conducted to the flow-meter through a tight system of glass and lead tubing, 
sealed at all joints with BeKhotinsky cement. Air was led from a second flow- 
meter and the gases mixed at a stop-cock connecting the two flow-meters and 
carried through a system of lead tubing to the water-bath containing the micro- 
respirometer, A complete diagram of the system is shown in Fig, 4. There was 
no leakage of gas or possible diffusion of oxygen into the system at any point. The 
only rubber connection was made very thick and extended only 2 mm. between the 
lead tubing and the glass tubing of the respiroraeter. The flow-meters were 
carefully calibrated for air and pure nitrogen, adjustments in pressures of the 
manometers giving very definite rates of flow through the capillaries of the flow- 



Fig, 4. Diagram of complete apparatus for determination of oxygen consump- 
tion with various gas mixtures containing partial pressures of oxygen, together 
with an arrangement for purification of gases. 


meters. In the flow-meter conducting pure nitrogen, even the fluid of the man- 
ometer was thoroughly shaken withthepure gas before each experiment to drive off 
dissolved oxygen. At the microrespirometer the gas was brought into equilibrium 
with the bacterial suspension by a thorough shaking of the entire instrument with 
the mixture of gas passing through. 

It was possible to make quick changes from one gas mixture to another and 
satisfactory determinations of oxygen consumption were easily made by this 
method. In each case a preliminary measurement of the rate of ox>’gcn con- 
sumption of the particular suspension of bacteria was made in air before the 
suspension was subjected to a gas mixture containing only a low partial pressure of 
oxygen. After determinations of the rate of oxygen consumption in one or two gas 
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mixtures, the suspension was again brought into equilibrium with air and a check 
determination made to indicate if there had been a loss of respiratory activity 
due to decrease in the nmnber of active cells during the course of the experiment. 
In each case a return to the original rate in air was made by the experimental 
suspension of the organisms. The suspensions were greatly diluted by phosphate 
buffer solution of pH 7.0, and brought into equilibrium with air by thorough 
shaking before a sample (1 cc.) was introduced into the respiratory chamber of the 
microrespirometer. The whole apparatus was rocked mechanically in the water- 
bath, the temperature change varying no more than 0.2 of a degree during 8 hours. 
The speed of rocking made no difference in the rate of movement of the indicator 



Fig. 5. Two microrespirometer determinations of oxygen consumption with 
equal partial pressures of oxygen. 

drop of kerosene in the capillary, so long as enough movement was maintained to 
keep the bacterial suspension in equilibrimn with the gas mixture as determinations 
were being made. 

When gas mixtures containing the same partial pressure of oxygen 
were brought into equilibrium with different suspensions of bacteria, 
respiring at different rates in the respirometer, the percentage reduc- 
tion of the respiration was nearly identical for the same gas mixtures, 
although the total amount of oxygen consumed by the two suspensions 
differed widely. This occurred in every case. An example of two 
determinations with different suspensions of bacteria, but identical 
gas mixtures is given in Fig. 5. The partial pressure of oxygen in the 
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gas mixtures was 1.64 mm. Hg (0.216 per cent). The reduction of 
respiration in the two cases is in almost exact agreement. Equally 
close determinations with other suspensions and other gas mixtures 
were made, although the agreement was less marked when only very 
minute traces of oxygen were present . 

The value of 0.26 per cent by volume or 1.97 mm. Hg partial pres- 
sure of oxygen has been given as the point at which lurainesence of 
luminous bacteria just begins to dim. This is in agreement with 
observations made during respiration in the present experiments. 



Time, in Cllnute-s 


Fig. 6. Effect of pure nitrogen on oxygen consumption by luminous bacteria 
as measured in the microrespirometer. 

When a gas mixture containing a partial pressure of oxygen equiva- 
lent to that in air (152 mm.) is brought into equilibrium with “a bac- 
terial suspension in the respirometer, there will be no increase in the 
rate of oxygen consumption over that at 22.80 mm. oxygen. If, 
however, the bacterial suspension is brought into equilibrium with 
pure o.xygen, the rate of oxygen consumption will greatly diminish 
and no recovery to the original rate occurs when the suspension is 
again returned to air. The cells are irreparably injured by very 1 ‘ ’ 
pressures of oxygen. This is in general agreement with the 
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obtained in experiments on carbon dioxide production in equilibrium 
with pure oxygen. 

When the bacterial suspension is brought into equilibrium with pure 
nitrogen, the respiratory activity quickly ceases, and no recovery 
occurs until the suspension is again brought into contact with air, 
whereupon an oxygen debt is indicated as the drop in the capillary of 
the instrument will move rapidly across the scale, finally falling in rate 
of movement to that previously obtained in air. 

It has been indicated previously that after luminous bacteria have 
been in the absence of oxygen for some time, upon being readmitted to 
air they will luminesce with increased brightness for a very short 
period. This has occurred at the moment the bacterial suspension in 
the respirometer has been returned to air, and an increased movement 
of the drop indicates a portion of the greatly increased rate of oxidation 
following a period in the absence of oxygen. 

From the equation for calculating adequate oxygen requirement 
for nerve given by Gerard® and Fenn,^“ Harvey, in a recent paper”® 
has given the following relation for a bacterium 1.1/i in diameter, 
and 2.2 /[i in length: 


for the calculation of the oxygen pressure necessary to permit oxygen 
supply throughout a short cylinder such as a luminous bacterium, 
when A is oxygen consumption of the bacteria in cubic centimeters of 
o.xygen per gram of bacteria per minute, r is the radius of the cylinder, 
and Z> is the diffusion coefficient for oxygen for the bacteria in cubic 
centimeters of oxygen diffusing per square centimeter with a pressure 
gradient of 1 atmosphere per centimeter, the assumption being made 
that o.xygen consumption is independent of oxygen concentration 
at every partial pressure of oxygen. The calculated value for Co 
obtained from Han'-ey’s (1928) previous measurements of respiration 
comes out 1.53 X 10"® atmosphere* of oxygen at the surface of the 
bacterium to maintain adequate respiration. This theoretical value 

* Dr. Han-ey infonns me that this value, 1.53 X 10"® atmosphere, should not 
have been corrected for solubility of o.xj-gen in sea-water as was done in his paper. 
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is indeed far from the actual value, for as indicated in the curve for 
per cent of respiration in Fig. 7, the obscrced limiting value for adequate 
respiration is near 0.03 atmosphere, or 22.80 mm. Hg oxygen. All 
pressures above this value to equilibrium with air, permit a constant 
and maximum rate of oxygen consumption and at every partial 
pressure below this value there occurs a decrease in respiratory rate. 
Oxygen consumption is not independent of oxygen pressure over the 



Petcent Oxyo^en 


Fig. 7. The effect of oxj'gen tension upon oxygen consumption as measured 
by manometric methods. 

whole range of respiratory activity, and the formula does not apply to 
luminous bacteria because of this assumption in the equation that 
oxygen consumption is always independent of oxygen pressure. The 
luminous bacteria are so small that the oxygen collecting at the cataly- 
tic surface of the oxidation mechanism of the cell becomes the limiting 
factor determining the rate of oxygen consumption rather than the 
oxygen diffusing into the cell. 

When the partial pressure of oxygen in the gas mixtures in equilib- 
rium with the suspension of bacteria are lowered from a value for 
adequate respiration, the decrease in respiratory activity does not 
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dimimsh in proportion to oxygen pressure over the whole range of 
oxygen concentrations. Oxygen consumption becomes about pro- 
portional to oxygen pressure only at low concentrations of oxygen 
following the dimming of a suspension of bacteria, when the respiration 
rate is reduced one-half. The curve for the reduction of respiration 
suggests adsorption of the gas in solution at a catalytic surface, 
reaching a saturation at approximately 22.80 mm. oxygen. (0.03 
atmosphere), at which an adequate and constant rate of respiratory 
activity is maintained. This is indeed similar to what has been 
observed in the case of inorganic catalysts, adsorbing a unimolecular 
layer of a gas, whose surfaces become unable to adsorb more molecules 
when once the surface capable of adsorption activity is covered. The 
per cent of maximum respiration of the bacteria will depend on the 
fraction of the oxidative catalyst of the cell covered by adsorbed 
molecules of oxygen, which in turn will depend on the rates at which 
oxygen is adsorbed and freed from the surfaces with the changing 
partial pressure of the oxygen in solutidn about the cells. 

The curve for the reduction of respiration with decrease in oxygen 
pressure (Fig. 7) is exactly similar to well-known curves for the amount 
of gas adsorbed on catalytic surfaces which evaporate molecules with 
decrease in pressure. 

Langmuir^®® has discussed the relation of the extent of adsorption 
at various pressures of gas on a uniform surface capable of no further 
adsorption activity when completely covered by a unimolecular layer 
of adsorbed molecules, but which frees molecules of gas from the 
surface with decrease of pressure in agreement with ah equilibrium: 

hp (1 - e) = W 

when 6 is the fraction of adsorbing surface covered, (1 — 6) the fraction 
of surface bare of adsorbed molecules, p the gas pressure, and k\ and h 
velocity constants characteristic of rates of condensation and evapora- 
tion from the surface respectively. If 0 is considered as per cent of 
respiration in the curve of Fig. 7, and (1 — 0) as per cent reduction of 
respiration, the same relations hold, and 0 will be nearly proportional 
to the pressure only at low pressures of oxygen, and practically inde- 
pendent of the pressure near saturation of the oxidative catalyst of 
the cell, at which point the reaction becomes one of “zero-order,” 
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perfectly independent of increasing gas pressures. At this high 
pressure of oxygen near saturation, (1 — B) will be of small value, but 
will vary inversely as the pressure. The curve in Fig. 7 is a typical 
adsorption type, and is of the same form as curves from the data of 
Langmuir for adsorption of oxygen and nitrogen at mica and glass 
surfaces, and agrees with the form of those given by Pease*'* for adsorp- 
tion of a number of gases at copper surfaces. I regard the data ob- 
tained for oxygen consumption at various pressures as supporting the 
view that the respiratory catalysts in the luminous bacteria are acting 
in a manner similar to those used in inorganic o.xidations. 

SUMMARY 

1. The respiration of luminous bacteria has been studied by colori- 
metric and manometric methods. 

2. Limtilus oxyhaemocyanin has been used as a colorimetric indica-* 
tor of oxygen consumption and indicator dyes were used for colori- 
metric determination of carbon dioxide production. 

3. The Thunberg-Winterstein microrespirometer has been used for 
the measurement of the rate of oxygen consumption by luminous 
bacteria at different partial pressures of oxygen. 

4. The effect of oxygen concentration upon oxygen consumption has 
been followed from equilibrium with air to low pressures of oxygen, 

5. Luminous bacteria consume oxygen and produce carbon dioxide 
independent of oxygen pressures from equilibrium with air (152 mm.) 
to approximately 22.80 mm. oxygen or 0.03 atmosphere. 

6. Dimming of a suspension of luminous bacteria occurs when oxy- 
gen tension is lowered to approximately 2 mm. Hg (0.0026 atmos- 
phere) and when the rate of respiration becomes diminished one-half. 

7. Pure nitrogen stops respiratory activity and pure oxygen irre- 
versibly inhibits o^gen consumption. 

8. The curve for rate of oxygen consumption with oxygen concen- 
tration is similar to curves for adsorption of gasses at catalytic surfaces, 
and agrees with the Langmuir equation for the expression of the 
amount of gas adsorbed in unimolecular layer at catalytic surfaces 
with gas pressure. 

9. A constant and maximum rate of oxygen consumption occurs in 
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small cells when oxygen concentration becomes sufficient to entirely 
saturate the surface of the oxidative catalyst of the cell. 

I wish to express my great debt to Prof. E. N. Harvey who first 
suggested this problem, for his advice, criticism, and encouragement, 
and also to Dr. R. N. Pease, of the Department of Chemistry, Prince- 
ton University, for some information regarding adsorption phenomena. 
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NOTE ON THE NATURE OF THE CURRENT OF INJURY 
IN TISSUES 


By W. J. V. OSTERHOUT and E. S. HARRIS 
(From (he Laboratories of The Rockefeller Institute for Medical Research) 

(Accepted for publication, May 10, 1929) 

Previous workers have found the current of injury’’ uniformly 
negative but experiments on Nitclla'- indicate that it can be made 
either positive or negative according to the method of treatment. It 
seemed desirable to inquire whether this divergence could be explained, 
in part at least, by the fact that we employed single cells while previous 
workers have investigated tissues. 


__ llectpomcici* ^ 

> lIlA 

) ;SiP8lee«nc(K'lelto «*) OAtat |-N SingT* c«« 

* ■■ — I — 2 tnchrs — • 


Fig. 1. 


Fig. 1. Diagram to show the arrange- 
ment of an experiment. Two cells from 
different plants are placed in contact with 
a piece of absorbent cotton, A’, and wc 
then lead off from d and C. The letters 
M and N designate the ends of the cells. 
One cell is cut at Z. 


By way of introduction let us consider an experiment- arranged as 
in Fig. 1 which shows two cells of Niiclla taken from two separate 
plants and placed in contact with a piece of absorbent cotton. If we 
place 0.001 h ICCl at A, and C, the cotton being wet with the same 
solution, we find on cutting the left-hand cell at Z that the potential 
difference of A (recorded with reference to C) becomes mucli more 
negative (Fig. 2) , then quickly becomes more positive, after which it 
gradually approaches zero. This behavior is like that of single cells as 
described in former papers (in which case the experiment was arranged 
as showm in Fig. 3). 

^ Osterhout, W, J. V., and Harris, E. S., J. Gen, Physiol,, 1927-28, 11, 673. 

’^Thc material and technique were as described in previous papers unless 
otherwise stated. Cf. (!) and /. Goi. Physiol,, 1927-28, H, 391. The experi- 
ments were carried out at room temperature averaging about 22® or 23°C. 
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There is no essential difiference between these two cases, because, 
although the circuit in Fig. 3 passes through A and C and that in 
Fig. 1 includes^ A, M, iY, and C, the electromotive forces at /Y and C 
usually cancel out since they are opposite and almost equal, and 
only A and M are altered and they may be regarded as corresponding 
to A and C in Fig. 1. . . . . . ; 

The situation is different when the experiment is arranged as in 
Fig. 4. Here we have two cells in their natural union, which consists 
of a cell wall (IF), as shown in Fig. 5; this is only a few microns in 



Fig. 2. Photographic record of potential differences, the experiment being 
arranged as in. Fig. 1 witii 0.001 M KCl at 4, C, and A^ AVhen the left cell is 
cut at Z the curve (which records the state of A with reference to C) shows that A 
becomes more negative, then more positive, and that the electromotive force 
then approaches zero. The vertical lines represent 5-second intervals. Selected 
as typical from 10 experiments. 

thickness and in this case is imbibed with tap water. If the left-hand 
cell is injured so that sap*^ comes out at M, diffuses through the cell 

^ M and X represent the protoplasmic layers at the ends of the cells. 

^ The sap is equivalent in these experiments to 0.05 M KCL Cf. (1). A good 
method of observing the coming out of sap at Af is to arrange an experiment as 
in Fig. 4 with an additional contact at a spot, Bj a little to the right of A 
put 0.001 M KCl at .4 and B and sap or artificial sap at C. On cutting at Z the 
A to C cur\’e becomes negative and then positive after which it slowly rises to 
zero as sap comes in contact with *V but the B to C curve does not change 
unless sap diffuses along to B. 
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wall, 5 and comes in contact with N it is clear that there is a greater 
difference between iY and C (which is in contact with a cell wall im- 
bibed with 0.001 M KCl) . When all the E.ir.p. has disappeared from the 
protoplasm of the cell at the left® (as the result of cutting at Z) the posi- 
tive current will tend to flow from C (in contact with 0.001 m KCl) 
through the electrometer and the cell at the left (which now actsmerely 
as a conductor) to iY which is in contact with sap or a dilute sap (which 
acts like a solution of KCl more concentrated than 0.001 m). This 

^ ^ ^ .'llectrometep^ ^ 

2 fY' .r, 

1 Fig. 3. Diagram to show the arrangement 

t Single cell of Ritciid, of an experiment. We lead off from .1 and C 

' 3 Inches cell is cut at Z. 

Fig. 3. 

Fig. 4. Diagram to show the arrangement 
of an experiment. Two cells are employed, 
their natural union being left intact. We lead 
off from A and C and cut at The letters 
M and N designate the ends of the cells 

Fig. S. Enlarged view of the point, .of union of 
the two cells shown in Fig. 4. The letter IF desig- 
nates the cell wall: inside tliis is a delicate layer of 
protoplasm surrounding the sap of the large central 
vacuole. The letters Af and iV designate the ends of 
the cells (as in Fig. 4). 

gives a negative current of injury which is wholly due to the un- 
injured cell and which may last a long time (f.e,, until the cell at the 
right begins to lose its e.m.p. as the result of injury). Possibly this 
is the sort of negative current of injury observed in some cases by 
workers who employ groups of small cells. It is quite different from 
the negative current of injury in a single cell of NiicUa which usually 

® The cell wall is very permeable. 

® There is some p.d. due to the cell wall which would in the present case tend- 
to make A appear somewhat more negative than it actually is. CJ. Osterhout, 
W. J. Y.. and Harris, E. S., J. Got, Physiol., 1928-29, 12, 761. 


w 



Fig. 5. 
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lasts only a few seconds (c/. Fig. 2) after which the cell dies and the 
protoplasm® soon loses its e.m.r. 

We assume that if sap did not come out at J/" we should get a 
curve like that in Fig. 2, f.e,, the changes in the circuit would be 
confined to A and M : but if sap exudes at M and comes in contact 
with jY the curve will tend to reach a fixed negative value, the time 




Fig. 6. Photographic record of potential differences, the experiment being 
arranged as in Fig. 4 ivith 0.001 KCi at and C '\Fhen the left cell is cut at 
Z the curve (which records the state of A with reference to C) shows that A 
becomes more negative after which the e.m.f. falls to a fixed value which is regarded 
as due to the coming out of sap at M (Fig. 5) which affects A’’, making it more 
negative (cf. Fig. 8a). The vertical lines represent 5-second intervals. Selected 
as t}’pical from 40 experiments. 

Fig. 7. Like Fig. 6 but showing a different result which is regarded as due to 
the slower exit of sap (cf. Fig. 8b). Selected as typical from 39 experiments. 
(Test for reversibility at about 16 seconds.) 

depending on the speed with which the sap diffuses across the cell 
wall from M to .V. That this time is variable is evident from Figs. 
6 and 7. 

" .\i the ends of the cells (i.c., near M and .V) there arc a few very small celts 
exterior to the large cells forming the axis of the plant but owing to their small 
si2e it is not belie \*cd that the^' affect the observed p.d. 




W. J. V. OSTERHOUT AND E. S. HARRIS 


51 


If the cell wall is imbibed with 0.001 m KCl the situation may be 
represented diagrammatically as in Figs. 8 a and b, where the curve* 
labelled A to 2! represents the p.d. of A with reference to M, and 
the P.D. of N with reference to C is represented by the curve labelled 
to C. The observed p.d. between A and C (labelled A to C) may be 
regarded as the sum of these two curves and may take a variety of forms. 

If before performing the experiment we apply 0.05 u KCl at the 
joint so that the cell wall between M and iY becomes imbibed with it 
wc may get such a curve as that shown in Fig. 9 and the situation ma)’' 




Fig, 8, a and b. Hypothetical diagram of the changes in p.d. following a cut 
(at Z, Fig. 4) when the cell wall is imbibed with 0,001 m KCl and this solution is 
also applied at .^1 and C. The p.d. of .4 with reference to M (cf. Fig 4) is repre- 
sented by the curve “4 to M that of N with reference to C by the curve “N to C.” 
The observed p.d. (‘M to C”) is the sum of these two curves. Figs. 8 a and 8 h 
represent two forms of such curves (cf. Figs 6 and 7). 

be represented as in Fig. 10. The A to M curve is positive at the start 
and the N to C curve is negative' here too it is found that the curve 
may take various forms, one of which is indicated in the diagram. 

In order to see how far this applies when a larger group of cells is 

* The cur\'es 4 to in F'igs. 8a and 86 are taken from actual curves obtained 
in cutting single cells (arranged as in Fig 3) with 0.001 if KCl at .4 and sap or 
0.05 M or O.l M KCl at C. (Cf. Osterhout, \V. J V , and Harris. E. S., J. Gen 
Physiol., 1928-29, 12, 355.) In some cases such curves after passing through a 
negative phase become positive before reaching final equilibrium at zero. 
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involved experiments were made in the manner shown in Fig. 11. 
Bundles of plants were employedj the ends of the bundle being allowed 



Fig. 9. As in Fig. 6 but the cell ^Yall which separates the cells is imbibed with 
0.05 M KCL Selected as typical from 15 experiments. 



Fig. 10. Hypothetical diagram of the changes in p.d. following a cut (at 
Fig. 4) when the wall separating the two cells is imbibed with 0.05 m KCl and 
0.001 M KCl is applied at A and C. The p.d. of A with reference to Af (c/. Fig. 4) 
is represented by the curve ''A to AI/^ that of iV with reference to C by the curve 
“A" to CV The observed p.d. “J to C” is the sum of these two curves. (C/. 
Fig. 9.) 

to dip into two dishes, A and C, in which were calomel electrodes (the 
cut was made at With A and C hlled with 0.001 xr IvCl we obtain 
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curves similar to that in Fig. 12 and the negative current of injury 
persists for many minutes. 

It would seem that if our conception of the process is correct it 
should enable us to predict what will happen with other concentra- 
tions, for example, using the arrangement shown in Fig. 1 w’ith 0.1 
M KCl at A and C and with the cotton at A' soaked with 0.1 u KCI, 
wc should expect a curve like that obtained with a single cell,® since 



Fig. 11. Diagram to shosv the arrangement of an experiment in which a bundle 
of plants was used, the ends of the bundle dipping into the vessels A and C. The 
bundle was cut at Z, 






Fig, 13. Photographic record of p d., the experiment being arranged as in Fig. 
n w'ith A and C filled with 0 001 xr KCl. The vertical lines represent S-second 
intervals. Selected as typical from 5 experiments. 

the coming out of sap would not affect the result and at the end we 
should be leading off at two points, and C, both in contact with 
0,1 M KCI. This is the case as is shown by Fig. 13. 

Using the arrangement shown in Fig, 4 we should expect a similar 
curve at the start but later on, after the of the cell at the left 

® Even with single cells there is a good deal of variation in the time required 
for the cur\’c to rise to zero. 
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has disappeared (as the result of cutting at Z) and sap comes out of 
M into the cell wall (which is imbibed with tap water) and reaches 
N the positive current will tend to flow through the electrometer 
from lY (now in contact with sap or dilute sap) to C (in contact with 
0.1 M KCl) and as the curve records the p.d. of N with respect to C 



Fig. 13. As in Fig. 2 but with 0.1 jr KCl at .1 and C. Selected as tyjiical 
from 10 e.vperiments. Test for reversibility at about 45 seconds. 



Fig. 14. .As in Fig. 6 but with 0.1 KCl at .1 and C and with the wall be- 
tween M and N imbibed with tap water. Selected as typical from 45 experiments- 

we shall e.xpcct the curve to remain positive. The more slowly the 
sap comes out of AI the more slowly the curve will rise toward zero 
( this varies greatly) but even when the end wall becomes completely 
imbibed with sap we shall e.xpect the curve to remain somewhat 
positive since sap in these e.vperiments is equivalent to 0.05 m KCl. 
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That these expectations are realized is evident from Fig. 14. In 
this case the presence of a second cell tends to prolong the positive 
phase of the current of injury. The result is much the same when 
we employ the arrangement shown in Fig. 11. 

It is evident that whenever the fluid bathing the exterior of the 
cell is less "negativating'^ than the fluid contained in the cell (as is 
the case in Niiella when 0.001 it KCl is applied to the exterior) and 
we lead off from the injured cell to intact cells the action of the latter 
will tend to prolong in a marked degree the negative phase of the 
current of injury. 


Fig. 15. Diagram of a muscle cut at one end: 
leading off from A to C gives more r.D. than leading 
off from B to C. 

Fig. is. 

When we employ chloroform the injury spreads much more slowly 
along the cell and in many cases no spread can be detected for some 
minutes. In consequence the current of injury in a single cell is more 
lasting. This more nearly resembles the effect of cutting on muscle 
and nerve. That there is a slow spread in muscle of the injury 
due to cutting is indicated by the fact that if we lead off from A ioC 
(Fig. 15) we obtain a greater r.d. than in leading off from B to C but 
as time goes on this difference becomes less. 

We may sum up by saying that whenever we can lead off from two 
places on the same cell {Nitclla) or two places on a bundle of elongated 
cells (muscle and nerve) we may ascertain the current of injury due 
to the death process in the protoplasm.^i But when we are not able 

The fibers of muscle and nerve differ from Nildla in that injury due to cut- 
ting does not spread rapidly and hence the current of injury lasts much longer. In 
Nitdta there are two protoplasmic surfaces to consider. The experiments of one 
of us indicate the possibility that this may be true of muscle and nerve. 

This has been described for Nitella in previous papers. C/. Osterhout, W. 
J. Y., and Harris, E, S., J, Cen Physiol, 1927-28, 11, 673; 1928-'29, 12, 167,355. 
See also Beutner, R., I)ie Entstehung elektrischer Strome in Icbenden Geweben, 
Stuttgart, 1920; Bayliss, W., Principles of general ph>^iolog>^ London, 1924, 4th ' 
edition; Hbber, R., Physikalische Chemie derZelleund der Gewebe, Leipsic, 1926, 
6th edition. 


Cut 
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to do this (on account of the small size of the cells) a lasting current 
of inj'ury may be partly or completely due to the escape of sap which 
comes in contact with cells^^ which are intact or not sufhciently injured 
to lose their protoplasmic e.m.f. In plants the cell wall may also 
play a part. 

summary' 

Leading off from two places on the same cell (of Nitella) with 0.001 
M KCl we observe that a cut produces only a temporary negative 
current of injury. 

If we lead off with 0.001 M KCl from any cell to a neighboring 
cell we find that when sap comes out from the cut cell and reaches 
the neighboring intact cell a lasting negative “current of injury” is 
produced. This depends on the fact that the intact cell is in contact 
with sap at one point and with 0.001 M KCl at the other (this applies 
also to tissues composed of small cells). 

If we employ 0.1 M KCl in place of 0.001 m the current of injury 
with a single cell is positive (and is more lasting when a neighboring 
cell is present). 

Divergent results obtained with tissues and single cells may be due 
in part to these factors. 

'=Osterhout, W. J. V., and Harris, E. S., J. Get. Physiol, 1928-29, 12, 761. 



ANALYSIS OF THE GEOTROPIC ORIENTATION OF YOUNG 
RATS, I 

By W. J. CROZIER and G. PINCUS* 

{Prom the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, April 10, 1929) 
r 

The upward geotropic progression of young rats has been formu- 
lated in two ways as a function of the inclination of the surface on 
which creeping takes place. The conditions necessary for the securing 
of significant measurements have been described, and need not be 
repeated.^ The two formulations obtained are, first, an approximate 
descriptive relation between the mean angle of upward orientation 
(0) and the slope of the surface («), such that B is, to a degree adequate 
for some purposes, a rectilinear function of log sin a; and second, in 
a manner consistent with the assumption that the limiting condition 
for steady creeping is given by sensible equality of stretching tensions 
on the legs of the two sides of the body during progression, cos B de- 
creases rectilinearly as sin a. increases. When genetically comparable 
individuals are employed, the constants in these equations are re- 
peatedly recoverable from litters of the same inbred strain. Different 
inbred strains have been available, moreover, for which these equa- 
tions are again applicable, but with different numerical values of the 
respective constants. 

Geotropic animals in which the mechanics of the support of the 
weight of the body on an inclined plane is certainly different from that 
in young rodents show that the angle of oriented progression (0) is 
again a function of a, but that the sort of relationship obtained changes 
according to the structural conditions, so that B may be directly pro- 
portional to sin a, or again to a, rather than to log sin a, or even that 
MogB / Act = const, {cf. Wolf, 1926-27; Crozier and Stier, 1928-29; 
1929-30, a; Kiopp and Crozier, 1928-29; Kropp, 1929; Hoagland, 

^National Research Council Fellow. ■ > - - 

* Crozier and Fincus, 1926; 1926-27, a, 6, c, d; 1927-28; Crozier, 19’" 
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1929; Crozier, 1928; several other instances remain to be described). 
Consistent with these findings regarding empirical descriptions of the 
geotropic orientation, each of the instances cited provides its own 
more rational equation in terms of the limitation of oriented creeping 
through the distribution of tensions in the supporting musculature. 

Such findings strengthen the opinion that the equations concerned 
may very well have a functional significance beyond their value as 
means of empirical description. "The genetic utilization of such 
difierences, supposing them to be found, can provide upon the one 
hand a biological test of the reality of the behavior constants, and 
upon the other a means for the consideration of certain concrete 
aspects of behavior in relation to inheritance” (Crozier and Pincus, 

1927- 28). This amounts to an application of the atomistic con- 
ceptions of genetics in the search for a biological proof that differences 
recognized mathematically in the behavior of two otherwise closely 
comparable organisms may have a “real,” that is structural or 
molecular, basis. 

We are under very real obligation to Professor W. E. Castle for his 
kindness in supplying us with animals necessary for the experiments, 
and for his interest in the progress of the tests. 

The observational basis for the theoretical superstructure employed in the 
present discussion has been developed in a series of papers by a number of workers 
in this Laboratori' (c/. citations). Important features of our conclusions from 
certain of these data have been adversely criticised by Hunter (1927), PiSron 
(1928, a; 1928, b), and Hovey (1928) — the latter working under the direction of 
A. R, Moore. We are quite sure that these criticisms originate from miscon- 
ceptions which are in large part not imfairly characterized as inexcusable; some 
of these we have indicated in previous papers (Crozier, 1928; Crozier and Pincus, 

1928- 29; Crozier and Navez, 1929). Both Hunter (1927) and Pi6ron (1928, b) 
make considerable parade of “statistical” treatment of their data drawn from 
e-xperiments supposedb' comparable with ours, but these writers, and Hovey 
(1928), carefully avoid reference to the fact that in every instance the measure- 
ments we have secured have been obtained in such a manner as to provide an 
“internal check” automatically emerging from the changes in the variability of the 
recorded magnitudes of the orientations (6) as a function of the inclination of the 
creeping surface. This kind of control of the significance of the data comes about 
in a way which cannot possiblj' be influenced by the experimenter during the tests, 
and failure to appreciate its meaning can arise only from causes for which the 
present writers decline to accept responsibility. 
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Under conditions such as we have maintained, the specific mean magnitudes o! 
0, in homozygous races of rats, have been found to be quantitatively recoverable 
in repeated series of tests over long periods. Under conditions which many earlier 
trials had taught us to be unsuitable for any reliable tests, wide fluctuations in 
upward orientation are easily observed. The influence of light, for example, 
imquestionably present (together with other sources of trouble) in Hunter’s (1927) 
experiments — and said by Hovey (1928) to be without significance! — ^is easily 
shown by such tests as the following {cf. also Keeler, 1927-28, wdth mice). On a 
creeping plane tilted at a = 20°, certain individuals of our race K gave under weak 
red light mean 6 = 44° ± 1.9, as compared with 44.5° ± 3°; 43.7° db 2°; 46.1° ± 
1.6, obtained in longer series of tests at intervals during a period of two years (the 
first two series are cited in Crozier and Pincus, 1926-27ff/ 1 928-29, ■ the third series 
(^s based on only twenty-two observations). As is usual at such low inclinations, 
creeping is slow (Pincus, 1926-27) and there is much “random movement.” It is 
necessary to wait for the intermittent periods of active progression, in which alone 
is orientation evident. But when a white light of moderate intensity (approx. 
1 f.c. illumination) is turned on, above and somewhat in front of the surface, creep- 
ing is for some time much faster and the random movements less in evidence. At 
first, 6 may be almost 90°. In successive runs it slowly decreases. At the end 
of half an hour or more, exposure to the light being continuous, 6 then becomes as 
low as 45°. In duplicate experiments, the mean 0 obtained from such tests may 
be as high as 80° at a = 20°. If the source of light be somewhat to one side of the 
animal, it swerves in the opposite direction, and 6 may be as low as 0°; again, 
with exposures continuing for some time, 0 slowly increases. If under dim red 
light a young rat be proceeding in a well oriented, straight path and a white light 
of even low intensity be then turned on above it and slightly to the rear, 6 is sharply 
increased (after a measurable latent period) ; if the white light be then excluded, 
6 is seen to decrease if a brief pause or hesitation permits reorientation; in the 
absence of adequate lateral swerving there is no particular reason {cf. Crozier and 
Pincus, 1926-27, c) why the animal should change its path, since on the theory we 
have presented orientation in the area delimited by + 0 and -> 0 is not geotropically 
constrained; t>iis very obvious condition of the experiments seems to have been 
deliberately violated in Hovey *s (1928) experiments, and here unquestionably 
accounts in part for the prevalence of high values of 0 at each magnitude of a, 
since the rats were in this case started creeping vertically on the plane and not 
headed to one side. These are elementarj” phenomena of photo tropic orientation 
in a situation involving competition between geo tropic and photo tropic vectors 
(Crozier and Pincus, 1926-27, b, c; Wolf and Crozier, 1927-28), coupled with the 
occurrence of photic adaptation. If tests are made in a room with one or more 
windows admitting daylight, almost any complexity of behavior may be witnessed 
on the inclined surface. In this connection we would emphasize the fact that the 
upward orientation on an inclined surface cannot possibly be regarded as due to 
mechanical inability of the young rat to move downward. At inclinations not too 
great, it is easily possible to force the animal to creep downward by 
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illumination, and in fact downward creeping sometimes occurs spontaneously 
(cf. Crozier and Pincus, 1928-29). We therefore reject as equally inapplicable 
the suggestion by Wickham (1928, p. 163) that young rodents creep on inclined 
surfaces because they are ‘‘afraid of falling/* and that advanced by Hovey 
(1928), following a similar thought expressed by Hunter (1927), that only in up- 
ward progression can the animals obtain a secure footing. 

The contention that the oriented upward movement of young rats upon an in- 
clined surface is not a tropistic response because it is aSected by “learning” 
(Hovey, 1928) is of course irrelevant even if it were true. In the paper cited no 
proof of learning is indeed given, because during a prolonged series of observations 
upon single individuals the conditions of progression change as a result of the 
rather rapid development of the musculature of the appendages at this period of 
growth (in well-nourished litters). It would be necessary to have data upon the 
progression of “untrained** individuals of the same effective age; it is not sufficient 
to compare mean angles of orientation at the beginning and at the termination 
of a long series of trials. Comparisons of this sort which we have made w|th rats 
and with guinea pigs show under suitable conditions no effect due to “learning.*’ 
Moreover, in such experiments (Hovey, 1928) there enters the possibility of errors 
of a sort very clearly evidenced in experiments with ants. During an investiga- 
tion of the geotropic orientation of ants of various species it was found by Dr. T. C. 
Barnes, and by Mr. B. F. Skinner, that when an individual of Afhaenogasier fulva 
is kept isolated from the nest and is tested at intervals during several days, the 
angle (0) of oriented progression at a given slope of surface shows definite increase. 
But this rise in 6 is also exhibited by an individual kept in isolation for a similar 
period without trials upon the sloping surface. 

The possibility of “facilitation** effects (“learning**) was very early explored in 
these experiments.^ No trace of it could be found, under the conditions of our 
tests. But again there are misleading occurrences which require that the observer 
exercise reasonable intelligence. With 8 individuals, for example, tests were made 
at 7 values of a to determine if a second series of trials, several hours subsequent 
to a first series, would yield a different mean 0. It was found, using 20 observa- 
tions with each individual at each slope in each series, that 0 was in these 56 tests 
on the average 1^32 less in the second series than in the first. The difference 
(01 — 02) was therefore contrary in sign to what would be expected for the effect 
of a valid influence of “learning.” It happened that these experiments were so 
planned that values of 0i were obtained in the morning, of 02 in the late afternoon. 
WTiile the absolute differences never exceeded (0i — 02) = — 5° in any one case, 
and in the mean gave — 1°.32, the difference is entirely consistent with the known 
lessened activity of the j'oung rodent in the afternoon and evening, as contrasted 
with morning hours, even when external conditions have been kept constant; 
this has been established by Sz>manski (1920, 1922), and others, and for young 
indmduals with greater technical refinement by Dr. E. Wolf and by Dr. T. J. B. 
Stier in the course of investigations now in progress, in which the effects of feeding 
have been controlled. So far as it goes, the result of these tests merely con- 
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firms the indications from the application of other criteria, namely that the technic 
of the present experiments has been relatively free from gross sources of inade- 
quacy. It should be added that when an additional load is carried, 6 at given 
(low) a is increased, but that tests made immediately after the removal of the load 
(c/. last section of the present paper) show 0-values uninfluenced in any way by the 
preceding experience. 

The considerations adduced by Pi^ron (1928, a; b) are of a somewhat different 
order. Arguing, reasonably enough, that if the limitation of upward orientation 
in such a gasteropod as A'grioHmax (Wolf, 1926-27) is controlled by the adjust- 
ment of gravitationally induced tensions in the musculature of the body as we have 
considered in the case of rodents, then the amount of upward orientation should 
be less if the animals are put under water. However, as experiments made by one 
of us (W. J. C.) some years ago had shown, the slug LvnaXj as used by Pi^ron, is 
not exactly suitable for such tests. When placed on a glass surface and then 
lowered under water the direction of subsequent turning is largely influenced 
by the mode of lowering of the plate into the water, and by the relation of the 
aquarium to the positions of windows (although the cepahlic tentacles are not 
fully everted). What actually happens in such trials we shall discuss in detail 
elsewhere. When observational errors of these kinds are excluded, and allowance 
is made for the fact that the foot does not adhere to glass under water, and that 
the slugs do not creep, there is also in Pieron’s account an apparent error of curious 
sort regarding the measurement of the angles of orientation. For the present, 
we would therefore cite the facts revealed in a long series of experiments in Cuba 
by one of us and Dr. A. E. Navez, employing Onchidium and various land snails 
of which the foot adheres well under water, and which creep vigorously; it is found; 

(1) that the "angle effect” in orientation is perfectly real, in air or under water; 

(2) that by ibe attatbment of a toik float, to the sbefl a form such as Ltgwiis can 
be forced to orient downward imder water, rather than upward as in the absence 
of the float; (3) that the reaction- time to geo tropic excitation, obtained by a 
method which avoids handling, is a function of «, and of the mass of loads added 
to the shell (in air or in water). These findings are in perfect accord with the 
proprioceptive origin of geotropic orientation, and flatly contradict Pi6ron’s con- 
tention. We are therefore quite justified in dismissing Pi^ron’s conclusions as 
having no weight in this matter, since^his alleged phenomena are in fact superficial 
accidents having no bearing upon the point at issue. 

II 

It should be obvious, of course, that persistent self-consistency in 
the perfonnance of animals within a well-inbred line must be due to 
likeness of * ‘inheritance.” The two profitable questions which arise 
have to do with (1) the genetic behavior of recognizable differences 
when unlike lines are crossed, and (2) the possibility of utilizing the 
resulting genetic criteria for testing the functional interprptAtJnn nf thft 
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original differences. This amounts to a mode of definition of an 
hereditary effect, or of a gene, namely in terms of the connection be- 
tween its organic expression and the values of an effective and experi- 
mentally controllable variable. There is implied in the acceptance of 
this procedure the view that the customary description of genic 
differences is imperfect. It has come to be rather generally recognized 
that a major problem in the theory of genetics is that of the method 
whereby genic effects are produced. The analytical manipulation of 
genic differences, however, clearly requires something more than 
mere description in terms of developmental rates and times of onset. 
It in fact necessitates the characterization of genetic contrasts in terms 
of magnitudes having functional dimensions. In only one group of 
instances have data of this sort been provided, namely in the case of 
eye-facet number in Drosophila; and here the analysis of the relations 
(to temperature, in this case), has certainly been defective. 

The proposition we here advance serves to bring out one aspect of a 
general method of biological analysis which we believe to hold promise 
of wide significance. In outline, this method of defining an effect in 
inheritance seeks to avoid the pitfalls of the pseudo-quantitative 
treatment which depends upon mere differences in terms of a relation- 
ship of “greater” or “less” between two values of a certain variable; 
it does so by attempting to obtain the law of the relation between each 
expression of the variable in question and some controllable external 
variable. Instances will be given in which {cf. Crozier and Pincus, 
1927-28) this kind of description can be shown not merely desirable, 
but necessary. 

It is not to be taken for granted that the primary variable, — in 
cases such as we now chiefly discuss, the difference in geotropic be- 
havior between two groups of young rats, — is in itself likely to be a 
simple thing. But we may illustrate the necessity for the introduc- 
tion of an additional coordinate in such analyses by considering briefly 
the case pre\nously described (Crozier and Pincus, 1927-28); here, two 
races of Ratliis noreegicus, A and K, are found to differ from one another, 
as regards geotropic orientation, in the way demonstrated by Fig. 1. 

If comparisons between these two races were to be made solely at a 
low value of a it might be said that race A is more responsive, more 
sensitive, geotropically, since 6 is there greater for A than for K 
(although its workable threshold a is higher) ; but if the comparison 
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were made only at high values of « the conclusion would however be 
exactly the reverse; and in an intermediate region the two races would 
appear identical. Thus it may happen, in any given case, that the 
organic variable may be fundamentally altered, genetically, in the 
sense that the fonn of its quantitative relationship to some external 
condition of its expression is no longer the same. But unless the law 
of the relationship can be adequately established over a range of values 
of an independent variable, this sort of contrast between two types of 
organisms cannot be differentiated from that in which the absolute 
magnitudes (of response, let us say) are altered while the form of de- 
pendence upon the experimental variable is still the same. This 
again may be illustrated by means of Fig. 1. 

Data obtained with race B are chosen, from among others available, 
to show that the absolute amount of geotropic response may be 
markedly different in two kinds of individuals, (ri, B), under the same 
conditions, although the way in which the response is affected quan- 
titatively by increasing the magnitude of the exciting condition re- 
mains the same. Race B rats were from the 11th brother x sister 
generation of a line which before this period of closest inbreeding was 
loosely inbred. For the test of which the results are given in Table I, 

5 individuals were used. 0, and P.E.^, depend upon sin « in the way 
already described for the other races; the number of readings at one 
inclination varied between 51 and 62, so that in Fig, 2 the value of 
(Til as a percentage of the mean has been plotted to demonstrate that in 
this line also the decreasing variability of response is sensibly a straight 
line function of log sin a. At a *= 70° the results with B were not 
quite so certain as with K or A, due to a small percentage of cases 
in wliich slipping was present, and it is to be noticed that the measure 
of the variability of 9 correspondingly shows a slight but definite rise 
(c/. also, Crozier and Oxnard, 1927-28). The weights of these rats, 
on the I3th-14th day after birth, when used for the experiment, 
%vere 20.5 zfc 0.91 gms.; later we shall have occasion to refer to this 
point. The lesser relative reliability of the mean 0 at a — 70°, aU 
though in no sense serious, in this case noticeably disturbs the posi^ 
tion of the cos 6 plot (Fig. j) at this value of the slope («), since cos 0 
is more sensitive at the higher angles. 

The two types of organic difference here diagrammed might ob- 
viously be combined in such a way as to occur simultaneously (c/. 
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data in: Crozier and Pincus, 1927-28). Another illustration of the 
general principle may be taken from studies on the temperature 
characteristics of vital processes. If the addition of a reagent in- 
duces change in the frequency of heart-beat, for example, at constant 



Fig, 1. Geotropic orientation of young rats of three genetically distinct races 
K, A, and B, presented in terms of the linear relationship between cos 0 and sin 
where a is the slope of the surface and 6 is the angle of oriented progression on the 
surface, (Four series of measurements are plotted for race Kj to show reproduce 
ability; see text.) 

temperature, we cannot tell from this alone whether the frequency 
has been altered without change of temperature characteristic, or that 
the whole basis of the relation to temperature has been changed 
{cf. Crozier 1925-26; Crozier and Stier, 1924-25, a; 1925-26, 1926-27; 
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1929''30, e/c.) ; the mere statement that *‘the frequency has been 

increased'^ may be true in one part of the temperature range but not 
at all true In another, and by itself is of practically no analytical sig- 
nificance. But if the relation to temperature is identical in the presence 
of the reagent, though the absolute frequencies are no longer the same, 



Fig. 2. Variability among measurements of 6 "with race B obeys the same rule 
as found vrith races K and A; see text. 

it is dear that the mode of action of the reagent is to be described 
in a way which must differ materially from that required if the fre- 
quency is no longer the same kind of a function of the temperature. 
With regard to problems of inheritance, the point fundamentally at 
issue appears not unusually to be of just this kind.* 

in 

We may first consider the results of genetic tests involving races 
K and A in terms of the relation between cos 6 and sin a (Fig. 1). On 
the assumption that in upward geotropic creeping the young rat 
orients until there is equality of stimulation by downward tensions 

* The point we desire to make may not be completely new, but certainly it has 
not been expressed clearly hitherto, nor used. Thus, in discussing cases in which 
a particular genetic type appears different from another one only in a special en- 
vironment, the best usual opinion has been (Morgan, Sturtevant, Muller, and 
Bridges, 1915; 1922, pp. 38 et that in most cases of genetic difference “the 
environment, being common to the two, may therefore in such cases be ignored, or 
rather taken for granted.” In cases of the former type, it is recognized tlwt "it 
is the different possibilities of reaction that are inherited.” Our point ’ 
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on the legs of the two sides of the body, in the direction parallel to 
the inclined surface, it appeared^ that it should be found that 

A cos 0/ A sin « = — const (1) 

If the difference between lines K and A, as related to the magnitude 
of the slope constant in Equation (1), has an approximately simple 
genetic basis we should expect: (a) possible indications of dominance 

TABLE I 

Mean angles of upward orientation {9) obtained in several series of tests with 
young rats of lines K and A. With line K, series IV is based upon observations 
(i and ii) made two years after those in series I (for series III, and the data on line 
Aj see: Crozier and Pincus, 1927-28). The inclinations of the creeping surface are 
given in the first column. 



degrees 

a 

Deg. 

Line K 

Line A 

Line B 


I 

III 

IV 

1 

II 


15 

32.6db2.66 

If 




55.05±1.65 

20 


43.70±2.0S 

(i) 45.4 ±1.30 



60.52rhl.34 

25 

52. 9±0. 97 

53.75±2.24 

(ii) 52.71±1.17 


58.27±1.40 


30 


55.98±1.72 



59.28±1.26 

68.24zhl.22 

35 


62.50dzl.21 


63.19±0A6 



40 







45 


69.89±1.18 


71.24±0.14 

71.44d=1.05 


50 

77.9±0.81 


(i) 75.11±1.38 




55 







60 







70 



(ii) 86.6 ±0.51 

ifiliiiHU 


■MiiMfl 


in Fi, but, more significantly, (b) evidence of segregation in back 
crosses between El and and In comparing Equation (1) with 
the subsequent treatment, it is necessary to remark that the devia- 
tions of the data from its curve are statistically real and significant. 


either instance the ‘‘possibilities of reaction” require quantitative formulation, and 
that such formulation necessitates statement as a function of some independent 
variable. Growth -curv’cs, survivorship curv^es, and dubious “reaction rate” curves 
do not give this information. ^lany years ago the investigation of the tempera- 
ture coefficients for frcquenc>’ of heart beat in hybrids of Fundidus and Mcnidicif 
however, was undertaken b\’ Loeb and Ewald (1911). We expect to have more 
to say about such cases in the near future. 














W. J, CROZIER AND G. PINCUS 


67 


though small, even for races K and ^ ; hence we cannot pass directly 
from equation (1) to the differential d d/d log sin a subsequently 
used. 

Line K represents about 60 generations of brother by sister matings 
and is identical with the King line of inbred albinos. Albinos of the 



sin-a 

Fig. 3. Showing agreement between independent determinations of the geo- 
tropic orientation function with young rats of race A. Data in Table I (and cf. 
text). 

ICing strain were indeed used in making the crosses for these experi- 
ments. As regards color factors, the K animals were cc RR aa hh, 
where c- albino, R = dark eye, a » non-agouti, and h = hooded. 
The A animals were of the lOth and 12th brother x sister generation 
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of an inbred line of red-eyed yellow hooded animals, and as regards 
the color factors were CC rr aa hh. The B line is also red-eyed yellow 
hooded, and the animals tested were of the 11th brother x sister 
generation. 

To test the reliability of the original data on the A line a series of 
experiments was undertaken with a new litter of 5 individuals (of the 
twelfth generation of closest inbreeding), some months subsequent 
to the publication of our previous paper in which the characterization 
of this race is given (Crozier and Pincus, 1927-28). The technique 
was as already described. The results are given in Table I (under A, 
Series II) and in Fig. 3. It is of interest to compare these figures with 
those earlier obtained. In Series I (A), 12 individuals were employed, 
with approximately ten observations on each. In Series II, 5 individ- 
uals with 15 observations on each. In both cases the variability of 
0 declines with increase of a, and in the manner we have specified in 
previous papers (Crozier and Pincus, 1926-27, a; 1927-28). It has 
been pointed out (1927-28) that if two sets of tests are made, one 
with /V individuals and twenty observations on each, the other with 
2 N individuals and ten observations on each, the measure of vari- 
ability should in the former case decline twice as rapidly, as log sin a 
increases. This is in consequence of the assumption that the measure 
of variability I/ a/w, where n is the number of observations at every 
value of a, and also oc N, where N is the number of individuals 
which serve as separate “centers” or fod of variability of reaction. 
\^Tien P.E. 0/0 X 100 is a usable measure of the variability expressed 
as a function of log sin a, we then look for the decline of variability in 
our first instance to be related to that in the second by the factor 

\/ — X — , or in the ratio of 2:1, which was observed (Crozier and 

y 20 2N 

Pincus, 1927-28). This method of comparison is important, and 
can be generalized — roughly, it is true, but with significant results.® 

^ It might be objected (cf. Hunter, 1927; Hovey, 1928) that the frequency dis- 
tributions of 0 at each magnitude of a are in fact definitely skewed. To this there 
are several replies, not mutually exclusive. In the first place, unless number of 
indidduals and number of obseia’ations are the same, within rather narrow limits, 
skewness can be introduced by differences of sensitivity (temporarj' or permanent) 
among the separate individuals (c/., c.g., the discussion in: Crozier and SUer, 
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Series 1 {A) was run in two stages, tests being made with individuals 
in two groups of six each, with a slight difference between the two 
groups. We expect that the slope of the line connecting P.E. 0/0 x 100 
with log sin a to be about the same with the data for individuals 1-6 
and 7-12. The results are given in Fig. 4. The slight age difference 
between the groups (1-6) and (7-12) may be responsible for the fact 
that the ratio of the slopes is not 1.0 but 0.83; in any case the agree- 
ment must be regarded as close. If we compare these data with those 
from Series IT {A) (Fig. 4), we expect the slopes to be, for Series I 


(1-12) and Series II, in the ratio 


- 1.34, 


The ratio 


found is 1.46. Between Series I (1-6) and Series II we expect, on 
the same basis, a slope ratio of 1.29; that found is 1,28. We regard 
this sort of agreement as an excellent test of the constancy of the 


1927-28, 1928-29; Crazier and Pincus, 1927-28). Secondly, if our conception of 
the situation be at all correct, it is illegitimate to group the observed 6’s into size 
classes of the same magnitude; both as regards the grouping of mean 0’s as a func- 
tion of the slope of the surface, and as concerns the grouping of 0’s in a frequency 
polygon at a given value of a, the size-classes must be arranged in a series which 
recogirizes the way in which the variability of 0 is empirically found to behave 
(c/. Crozier and Pincus, 1927-28). There are two ways in which this condition 
can be met. One may either arrange the 0’s (at given «) in a logarithmic fre- 
quency distribution, and then deal with the geometric mean of the 0’s; or the fre- 
quency distribution may be based upon the values of cos 6. In either case the 
asymmetry evident in arithmetic seriations of observed 0’s when large numbers of 
readings with homogeneous material are available, sensibly disappears (as is in- 
deed obvious to mere inspection). These tests we have in fact made long ago. 
Since with the arrays of 0’s we have used it is found that the indicated statistical 
refinements make no detectable diSerence in the usable end result, they have been 
ignored. But we would stress (1) the point that when for example slipping of the 
animals occurs, such as causes trouble in experiments with young mice at high 
values of a, and is easily recognized and noted, the P. E. of 0 increases (both abso- 
lutely and relatively; Crozier and Oxnard, 1927—28) while the mean 0 does not 
increase as e^qiected; hence the two modes of treatment of the mean 0 s supply 
important mutual checks; and (2), more significant, that the “skewness” of the 
frequency distributions of 0 is in fact precisely what we have reason to expect if 
the general interpretation we have employed be essentially sound. 
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of an inbred line of red-eyed yellow hooded animals, and as regards 
the color factors were CC rr aa hh. The B line is also red-eyed yellow 
hooded, and the animals tested were of the 11th brother x sister 
generation. 

To test the reliability of the original data on the A line a series of 
experiments was undertaken with a new litter of 5 individuals (of the 
twelfth generation of closest inbreeding), some months subsequent 
to the publication of our previous paper in which the characterization 
of this race is given (Crozier and Pincus, 1927-28). The technique 
was as already described. The results are given in Table I (under .<4, 
Series II) and in Fig. 3. It is of interest to compare these figures with 
those earlier obtained. In Scries I (A), 12 individuals were employed, 
with approximately ten observations on each. In Series II, 5 individ- 
uals with 15 observations on each. In both cases the variability of 
0 declines with increase of a, and in the manner we have specified in 
previous papers (Crozier and Pincus, 1926-27, a; 1927-28). It has 
been pointed out (1927-28) that if two sets of tests are made, one 
with N individuals and twenty observations on each, the other with 
2 N individuals and ten observations on each, the measure of vari- 
ability should in the former case decline twice as rapidl 3 ’’, as log sin a 
increases. This is in consequence of the assumption that the measure 
of variability^ IJ^/ii, where n is the number of observations at every 
value of a, and also «■ •>/ A^, where IV is the number of individuals 
which serve as separate "centers” or foci of variability of reaction. 
When P.E.o/& x 100 is a usable measure of the variability e.xpressed 
as a function of log sin a, we then look for the decline of variability in 
our first instance to be related to that in the second b}'' the factor 

4 /— X or in the ratio of 2; 1, which was observed (Crozier and 

» 20 2N 

Pincus, 1927-28). This method of comparison is important, and 
can be generalized — roughly, it is true, but \vith significant results.® 

^ It might be objected (c/. Hunter, 1927; Hovej-, 192S) that the frequency dis- 
tributions of 0 at each magnitude of a are in fact definitely skewed. To this there 
arc several replies, not mutualh' exclusive. In the first place, unless number of 
individuals and number of observations are the same, within rather narrow limits, 
skewness can be introduced by differences of sensitivity (temporaiy or permanent) 
among the separate individuals (c/., c.g., the discussion in; Crozier and Stier, 
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Series I (w4) was run in two stages, tests being made with individuals 
in two groups of six each, with a slight difference between the two 
groups. We expect that the slope of the line connecting P.E. 0/0 x 100 
with log sin a to be about the same with the data for individuals 1~6 
and 7-12. The results are given in Fig. 4. The slight age difference 
between the groups (1~6) and (7-12) may be responsible for the fact 
that the ratio of the slopes is not 1.0 but 0.83; in any case the agree- 
ment must be regarded as close. If we compare these data with those 
from Series II (i4) (Fig. 4), we expect the slopes to be, for Series I 


(1-12) and Series II, in the ratio 




1.34. The ratio 


found is 1.46. Between Series I (1-6) and Series II we expect, on 
the same basis, a slope ratio of 1.29; that found is 1.28. We regard 
this sort of agreement as an excellent test of the constancy of the 


1927-28, 1928-29; Crozier and Pincus, 1927-28). Secondly, if our conception of 
the situation be at all correct, it is illegitimate to group the observed 0’s into size 
classes of the same magnitude; both as regards the grouping of mean 0’s as a func- 
tion of the slope of the surface, and as concerns the grouping of 0’s in a frequency 
polygon at a given value of «, the size-classes must be arranged in a series which 
recognizes the way in which the variability of 0 is empirically found to behave 
(c/. Crozier and Pincus, 1927-28), There are two ways in which this condition 
can be met. One may either arrange the 0’s (at given «) in a logarithmic fre- 
quency distribution, and then deal with the geometric mean of the 0’s; or the fre- 
quency distribution may be based upon the values of cos In either case the 
asymmetry evident in arithmetic seriations of observed O’s when large numbers of 
readings with homogeneous material are available, sensibly disappears (as is in- 
deed obvious to mere inspection). These tests we have in fact made long ago. 
Since with the arrays ot 0’s we have used it is found that the indicated statistical 
refinements make no detectable difference in the usable end result, they have been 
ignored. But we would stress (1) the point that when for example slipping of the 
animals occurs, such as causes trouble in experiments with young mice at high 
values of a, and is easily recognized and noted, the P, E- of 6 increases (both abso- 
lutely and relatively; Crozier and Oxnard, 1927—28) while the mean 0 docs not 
increase as expected; hence the two modes of treatment of the mean 0’s supply 
important mutual checks; and (2), more significant, that the ‘'skeumess” of the 
frequency distributions of 0 is in fact precisely what we have reason to expect if 
the general interpretation we have employed be essentially sound. 




70 


GEOTROPIC EXCTTATION, I 


technic employed in the experiments, and of the homogeneity of the 
material constituting each set of animals tested. 

It may be worth while to extend this mode of calculation to the 
comparison of different races as regards variability. If two races of 
young rats are intrinsically alike with respect to properties influencing 
the expression of 0 as a function of a under the conditions of these 
experiments, then we expect the slopes of lines connecting P.E.^/^ X 

100 with log sin a to be in the ratio already given, 4 / 7 — where 

^ (.ih) (iVo) 

iVi, i \^2 are the numbers of individuals of races 1, 2, concerned in the 
tests. 111 , fh the respective numbers of observations at each a with 



Fig. 4. Data for determining A (100 Ka-g/d)/ A log sin a for various series of 
observations. See Table III, and text. 


each individual (constant at every a for each race). Deviation 
from the expected ratio would afford measure of unlikeness, as re- 
gards variability of the response, in the two races. In other words, 
we ma}’’ compare the values of the products 


/A (100 p.E./Jm / /„\ 


In doing so, it has to be remembered that slight errors in fitting may 
make relatively large differences in the slopes, and thus in the final 
figures. The slopes (A P.E.<?/^)/(A log sin a) are obtained from plots 
(Fig. 4), taking A log sin a = 0.4. Table II contains a summary of the 
available data for races A, K, Fi (A* x A), B, and R- rallus. The num- 
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ber obtained by this procedure has the significance of a “mean change 
in the mean root-mean-square deviation from the mean, per individual, 
as a percentage of the mean, and per unit change of the independent 

TABLE n 

A measure of the comparative variability of the geotropic response in different 
lines of yoimg rats is obtained by comparing the values of the products 

[A (100 P.E.0/fi)/ A log sin a] [Vn/N]i 

where a is the slope of the surface, 6 is the orientation angle, and P.E.^ (or C.V.^ 
from weighted averages) is computed (for the nieari) in the usual way; n = number 
of observations with each individual, N = number of individuals; n and N are 
constant, and the same individuals are used, at each magnitude of a in any one 
series. The figures in the last column are taken as direct measures of the fraction 
of intrinsic, internal, variability of geo tropic response which is susceptible to 
restriction by increasing the geotropic excitation. Discussion in text. See also 
Table X. 


(!) 

JJwe OTuI Stries 

(2) 

C3) 

n 

(0 

<s> 

A 100 

0 

A log Stn a 

(6) 

(4) X (5) 

Kl 

2 


3.17 

1.75 

S.5S 

Km 

4 


1.58 

3.80 

6.00 

kh* 

2 

15 

2.74 

0.55 1 

1.50 

K + weight 

1 4 ' 


1.58 

1.67 1 

2.61 



1 8.3 1 

1.18 


2.83 




1.29 

1 1.80 ' 

2.32 



9.2 


j 2.70 1 

2.36 



15 

i 1.74 

, 1 .80 1 

1 3.13 

F,(JrxA) 

12 


i 0.915 


1 1.92 

(Fix A) 

21 


i 0.977 

0.36 

0.352 

B 

5 


1.42 

2.67 

3.79 

R. ratlus 

5 


0.74 

3.6 

2.67 


variable.” Its use in this form is justified only when the individuals 
constituUng a sample are fairly comparable with one another, but the 
general method has important possibilities of application to other 
and quite different cases. The essence of the method consists in the 
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formulation of varihilUy as a funclion of some controlling variable. 
Whexe duplicate series of observations permit direct comparisons, the 
agreements are clearly as close as can be expected. (It may be men- 
tioned that for the K race the “variability number” can also be com- 
puted from data on the speed of progression (Pincus, 1926-27); it is 
of the order of magnitude given for angles of orientation (Table II)). 
And there are equally clear differences between the several groups. 
To interpret these differences it has to be noticed that (other things 
equh'alent) the slope A (100 P.E.e/M) / A log sin a is an inverse 
measure of the uncontrollable intrinsic general variability of the 
recorded behavior of the animals in the experimental situation, in- 
cluding errors of recording, but a direct measure of the variability of 
response due to factors susceptible to restriction by increasing the 
magnitude of the geotropic vector. In this sense, the Fi (A" x A) 
individuals are significantly more variable in their geotropic response 
than their Kox A parents, so far as concerns the operation of influences 
(affecting the measured responses) which are susceptible to restriction 
by increasing the geotropic excitation; though, as we shall later be 
able to demonstrate, the Fi group should, organically, be in this re- 
spect much closer to A than to K, as it is indeed found to be. We 
may note that at the time of observation this could not possibly have 
been foreseen. Although this increased uncontrollable variation in 
Fi may be at first sight curious in the genetic sense, it is entirely con- 
sistent with the expected effects of hybridization, and may be related 
in part to the greater weights of the individuals in the hybrids than in 
the parents, at the time of experimentation. 

"WTien the function A 0 / A a is the same for two individuals, but 6 is • 
higher, consistently, with one than the other, this makes the P.E. 
of the mean 0 larger than it “ought” to be; and it increases that frac- 
tion of the total variability of the mean 6’s which cannot be propor- 
tionately reduced by increasing a. This phenomenon is clearly evi- 
dent in our detailed records, and is very likely related to the weight 
of the animal. Hence our comparison with heterosis. This is still 
further borne out by the data from a populatiou produced in the back- 
cross Fi X A and known to be in this respect heterogeneous (Fig. 4). 
Again, as we shall subsequently discuss, the residual variability meas- 
ured in this way and open to influence by increasing sin a, is reduced 
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by attaching a mass to the animaVs body (c/. entry + weight/* 
in Table II), as should be expected. 

For completeness sake, and also because it provides an interesting check upon 
these contentions from a quite diCerent aspect, we include a series of observations 
with rats of race JT, Series II, already referred to (Crozier and Pincus, 1927~28) 
as “unsatisfactory” because of technical difficulties. The results are given in 
Table III, and the computed variation index is included in Table II II*). 

Direct observation led to the rejection of this series as relatively nonsignificant, 
because creeping was more erratic thanusual, and in correlation with circumstances 
clear to the observers at the time (low temperature, mechanical disturbances). 
In spite of the fact that 6 increases so much more rapidly as a increases than in 


TABLE m 


Orioitalion Data for Series JI, Race K; See text 



I _ 

P.Ee/B* 100 

Jeireti 


per cent 

15 ' 


0,79 

20 ! 


0.81 

25 ' 


0.53 

30 ' 


0.37 

35 ' 


0,25 

40 ! 

63^2 

0,27 

45 ' 

66^.5 

0.26 

50 

70*. 8 

0,18 

55 ' 

7S*,9 

0.15 

60 > 

79*. 3 

1 0.16 

65 1 

80*. 7 

0.32 


standard series with this race, A {P.'E.e/O X 100)/ A log sin a is less than in series 
where no persisting sources of irregularity were apparent, and the index of vari- 
ability employed in Col. 6, Table 11, is accordingly much less than in the other 
series— proportionately less of the total variability is susceptible to geotropic 
control. 

Individuals of the Fi generation produced by crossing lines K and A 
were separately investigated, in two groups of 6 each. The Fi progeny 
were of course all of the black hooded type (in view of the constitution 
of K and A). At the time of the tests these animals were 13-14 days 
old, and weighed 21.93 ± 0.20 gms.; these weights are, as was to be 
expected, slightly higher than in the parent stocks at tho samo ape 
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(cf, Crozier and Pinciis, 1927-28). Any gross influence due merely 
to increased weight would be expected (c/.^ refs.) to increase 0, at a 
given slope of surface. But it is clear (cf. Table IV; Fig. 5) that the 
0’s actually found fall definitely within the limits set by the values 
provided by lines K and A; therefore, for the moment, this difference 
in weight can safely be ignored in the further treatment. 

The results from these experiments showed that the mean 0’s were 
strictly comparable among the separate individuals. In Table IV 

TABLE IV 

Mean angles of upward orientation (0) in two groups, six individuals in each 
group, of young rats in the Fi generation of crosses between lines K and A. The 
general means of the 0's agree closely with the averages of the means of the two 
groups, the former being used for subsequent computations. Since the numbers 
of observations at the several magnitudes of a are not the same, the variability of 
the measured 0’s can be compared in an exact way only through the coefficients of 
variation of the weighted means, which are therefore given (in the last column, 
with their probable errors). 


cc 

0 

C.V.e 

(i) 

(iO 

(average) 

ietrecj 

dnnes 

degrees 

degree 

per cent 

20 

46.75 

52.19 1 

49A2±1M 

3.05 zfcO.42 

25 

53 AS 1 

55.54 1 

S4.57ziz0.86 

2.34 zkO.32 

30 

62.38 

59.12 

60.39±1.10 

2.71 ±0.39 

35 

64.12 

58.37 

62.10±0.73 

1.75 ±0.24 

45 

68.82 

69.07 

68.62±0.58 

1.25 ±0.17 

55 

77.70 j 

75.48 

76.55±0.69 

1.35 ±0.19 

70 

S2.20 

81.03 

81.68±0.45 

0.818±0.1l 


the data for the two series are given, together with the general means 
of the average 0’s for the separate individuals, with their probable 
errors, and the respective indices of variability. In previously recorded 
series of data^ we have used experiments in which the numbers of 
observations were kept the same, thus permitting direct use of P.E.5 
as a measure of variability. When, as in the present series, the num- 
ber of observations fluctuates somewhat (though not greatly) among 
the separate individuals {viz., from 7 to 12) it is necessary to compute 
the coefficient of variation (Table W)- It earlier demonstrated^ 
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that if the number of individuals be kept the same at different magni- 
tudes of a, and the number of readings made with each, the index of 
variability of 6 then declines in a rectilinear fashion as log sin o is in- 



sin a 

Fig. S. Mean orientations of 12 individuals produced by crossing KxA. The 
thin lines on the plot are those fitting the relationship A cos 0/ A sin a = — consl. 
for the two parental races, transferred from Fig. 1. (In this figure it is assumed that 
the data can properly be fitted by a straight line. Another and more accurate 
interpretation (dashed line) is introduced subsequently.) 

creased. This relationship, reasons for the existence of which are 
discussed elsewhere (Crozier and Pincus, 1926-27, a; 1927-28), be- 
comes in fact a rather delicate test of the homogeneity of the doou- 
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lation of individuals employed, as well as of the conditions of the ex- 
periments themselves. In the present instance it is apparent that 
C.V.B, and its probable error, decline in the expected way. It may 
be noted that for a geometrically quite different case, in which 0 is a 
rectilinear function of sin a, not (practically) of log sin a, the vari- 
ability of 6 declines in direct relation to sin a, not to log sin a (cf. 
Kropp and Crozier, 1927-28). The validity of this test for homo- 
geneity is perhaps more easily apprehended in the light of the result 
of its application to a group of young rats similar in a general way but 
deliberately contrived to be genetically diverse as concerns the ele- 
ments controlling 0 as a function of a; in this case (see p. 78) C.V.e 
fails to decline rectilinearly with log sin a, and in fact the mode of its 
deviation from such a course can be predicted. 

The relationship between cos 6 and sin a is essentially direct, as 
shown in Fig. 5, and the slope of the line defined by the relationship 
is very close to that earlier obtained for the A parent (c/. Crozier and 
Pincus, 1927-28). The differences between the mean 0’s for Fi and 
line A are small, although just beyond the ranges of the probable 
errors, but the fact of the consistent difference between the two tends 
to favor belief in their real separation. It will be noticed that if the 
connection between 0 and a should in fact depend, for lines K and A, 
upon a relevant genetic difference between the two, then we might 
expect that in Fi the magnitudes of 0 found should correspond to those 
occurring hchvcen the limits set by the observations with lines K and 
A respectively, and not far outside these limits; and if a fairly simple 
genetic situation should obtain, we might e.\'pect the values to be 
rather near those pertaining to one of the parent lines. These are 
indeed the facts. At the same time, wide divergence from these 
expectations would not necessarily preclude genetic analysis; but 
we appear to have at hand a somewhat fortunate case, in which the 
absolute magnitudes of the orientation angles and the slope of the line 
connecting cos 0 with sin a are both vdthin the limits set by the paren- 
tal stocks. At higher values of a, the mean 0’s tend to agree rather 
closely with those established for line A, so that the gross primary 
change, in Fi, may be viewed as an alteration of the slope of the cos 0 
vs. sin a relationship. 
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These Fi individuals, which should be a homogeneous group, geneti- 
cally, and are shown by the statistical test to be a homogeneous group 
as to their geotropic behavior, were raised to maturity and crossed 
to lines K and A . Lines K and A had been shown through the earlier 
work to be in their respective ways also homogeneous, and found to 
provide consistent values of B in successive generations and after con- 

TABLE V 

Mean orientation angles (0) for upward geotropic progression as determined 
by the slope of the surface (a), from observations with 22 individuals resulting 
from back crosses of Fj (k with line iC. The mean 0's are computed as averages 

of the mean angles of orientation gotten for the separate individuals. If the pre- 
ceding analysis is essentially correct, the individuals procured in this back cross 
should constitute a population genetically heterogeneous with respect to the ele- 
ments determining 6 as a fimction of a. We expect then two consequences of this 
heterogeneity : (1) the smooth connection between A cos 0/A sin a should be notice- 
ably disturbed, although the general character of the connection between & and 
log sin a should be more or less the same; and (2) with (Fi x K) the variahilily of 
0 should not decrease in rectilinear fashion as log sin or increases, but should instead 
go through a minimum at about a = 35° or slightly above; Fig. 6 shows that this 
is indeed a fact. 


1 

a 

1 

1 (F.xX) ' 

1 (F.x>l) 

0 

C,V.0 1 

e ! 

1 C.V.0 

deg: 

degrees 

per cent 

degrees 1 

per cent 

20 

52 21db0,40 

1.13 iO.Il 

52.54i0.99 

' 2.85 

25 

S7.11rt0.2S 

0,637i0 065 

S7.44i0.85 

i 2.18 

30 

6Q.82i0.26 

0.638i0.065 

60.83il.l4 

2.78 

35 1 

66. 71 iO. 27 

0.S96i0.061 

64,52i0.73 

1.67 

45 ' 

73.50i0.39 

0.786i0.0S0 

1 70.14i0.27 

1.71 

55 1 

78.24i0 33 

0.63 i0.064 

1 76.00i0.99 

1.93 

70 

80.90i0.39 

0.707i0.072 

80.84i0.69 

1.28 


siderable intervals of time (upwards of 2 years). In the back-cross 
generation the color and eye-factors were found to segregate in the ex- 
pected ways, but we are not at the moment concerned with this, 
From these crosses 21 individuals were taken at random (by Utters) 
in families X A, and 22 in families Fi X K, in each case comprising 
an approximately equal number of males and females. These indi- 
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viduals were tested separatel}^, employing standard procedure. The 
results will presently be considered in detail. At the moment we desire 
merely to consider the average results. If our premises are thus far 
sound we are prepared to encounter the following: (1) the slope of the 
line of mean 0’s should now be consistently nearer to that of the 
averages of the corresponding values for the K and A lines; (2) the cos 
6 vs. sin a relationship, for mean 0’s, might be seriously disturbed, 
or at least definitely modified; (3) the variability of the mean 0’s 



Fig. 6. The variability of 0 in a population of j'oung rats deliberately arranged 
to be gentically heterogeneous fails to decline regularly with increase of log sin a. 
In this case the (22) individuals derived from the backcrossing of Fi {K X A) 
with K were expected to be diverse as regards factors affecting the amount of 
geotropic orientation; the graphs connecting 0 with a for the two parental lines 
intersect at about a = 35°; hence we look here for a- /M to be a minimum at about 
a = 35°, which is the fact, and (cf. Fig. 2) we expect the descending limb of the 
cuiv'e to be the steeper. 

(Fi X K) should no longer be found to decline directly with increasing 
log sin a, but should pass through a minimum at a = 35° — 40°, 
although the rising branch of the curve (a> 40°) should not be so 
distinct as the descending arm (a < 40°). These expectations arise 
from the fact that if segregation of factors concerned with the mani- 
festation of 0 as a function of a does indeed occur, then the mean of 
this (Fi X K) population should return toward that of the two P lines, 
the 0 -graphs for which cross at about a = 35° (Fig. 1). 
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The significant test is made by contrasting the behavior of the Fi X 
K individuals with that in line K, since the Fj data show at least 
relaikely complete dominance of factors in the A line (cf. Fig, 5). 
Table V contains the necessary data. It is seen that C. V.p does im 
deed behave in the expected way (Figs. 6, 7), while it is clear (a) that 
the mean 0’s are about midway toward those exhibited by rats of line 
Kt and (&) that the cos 6 vs. sin a curve does appear seriously affected. 



Fic. 7. Variability of 6 in Fi individuals (iC X A) declines with log a in an 
essentially rectilinear way. It may be noted that the ordinate scale is quite 
large; <r /M x 100 is plotted as a bar, the height being - 2 P.E. of the ordinate. 

The 0-curve slope is more interesting than the absolute magnitudes 
of the 0’s, as we will shortly have occasion to see- The very significant 
behavior of C.V.o we have a right to regard as a direct justification 
of the reasoning which initially led us to the investigation of genetically 
stabilized lines. Since the absolute differences which concern us ate 
small, it is of interest to demonstrate that the rate of decline of varia- 
bility of the mean 0’s for the individuals from the opposite back- 
cross, (Fi X A), is actually less than wth the individuals from (Fi X K), 
as it should be if the premises already discussed are efficient. Table 




80 


GEOTROPIC EXCITATION. I 


V contains these data also. It is apparent that the variability declines 
•with increasing a, as ■we have a right to foresee, but that there is no 
real minimum (C.V.5 has been corrected for the number of observa- 
tions at each slope). It is necessary to remember again that variations 
in weights of individuals may be significant here, or other causes lead- 
ing to change of 6 without change of A 0 / A log sin a; these influences 
•will affect the absolute magnitudes of C.V.e as computed. 
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IV 

It has been pointed out that for these cases 6 (mean or median) is 
very nearly related to log sin a, in such a way that 

A 0/A log sin a = ‘*constP (2) 

In every series of data, however (Crozier, 1928; cf. Crozier and Pin- 
cus, 1927-28; Crozier and Oxnard, 1927-'28; Keeler, 1927-28), the 
measurements really fall upon a sigmoid curve (c/. Fig. 8). The con- 
stant recurrence of this form of the curve forces its recognition, al- 
though we were at first content to use the approximate logarithmic 
relationship because it is adequate for some purposes (Crozier and 
Pincus, 1926-27, J). The two end regions of these curves are hard 
to establish precisely, owing to increasing variability of movement at 
low values of a and to difficulties of progression at very high inclina- 
tions (> a = 70°). But there is no reason to question the general 
form of the curves. If we assume an array of peripheral receptors 
which may be stimulated in increased number (or with greater fre- 
quency) as the labor of upward progression is increased (i.e., as a is 
made higher,) then, on the basic assumption that upward orientation 
ceases with sensible equivalence of excitation on the two sides of the 
body, the angle 0 must be taken as a direct measure of the mean total 
number of activated sense organs per unit of time. '^Sensible equality 
of excitation” means that not more than one * ‘group” of receptors is 
stimulated, on the average, on one side in excess of those stimulated on 
the other side. But the total number of activated receptors (pro- 

* National Research Council Fellow. 
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prioreceptive tension-receptors, on this view,) vill depend not only on 
the magnitude of the exciting force (here proportional to sw a) but 
also on the distribution of excitation-thresholds among them. The 
relation of this conception to Hecht’s (1923-1928) analysis of retinal 
excitation should be clear, although the two are by no means identical, 



log sin a 


Fig. 8. 0 as a function of log sin a, for lines K and A. 

as we will find reason to see. The ratio d 0/d log sin a (that is, the 
slope of the cun’e connecting 6 and log sin a) gives the rate at which 
additional excitation is involved as sin a increases. Unquestionably, 
the matter of frequency of e.\'citation, as related, mainly, to the speed 
of creeping {cf. Pincus, 1926-27) and thus to the frequency of move- 
ment of the appendages, introduces complications. Tension-excita- 
tion depends on change of tension {cj. Adrian and Zoltermann, 1926; 
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Cooper and Creed, 1927 ; Adrian, 1928). We are justified in exploring 
the consequences of simplifying assumptions, provided we do not for- 
get their existence, and we shall accordingly assume that while the 
effective gravitational pull is proportional to sht a, the excitation of a 
single receptor unit over an interval of time during progression de- 
pends upon log sin a. It is significant here that the speed of progres- 
sion, approximately determined by the frequency of stepping, is known 
to be directly proportional to log sin a (Pincus, 1926-'27) ; more accu- 
rately, in the data at our disposal, $ and speed of progression are 
directly proportional. 

For a given 0, there is equivalence of numbers of tension-receptor 
sense organs activated on the two sides of the body, and constant 
frequency of excitation over gross intervals of time. Then 0 is a direct 
measure of the total excitation experienced. It is on this basis that 
the relation A cos D/A sin a — — can5h is obtained.^ When a is 
varied, the speed of creeping changes, also 6. We can regard this as 
sigmfying that both the total number of receptors and the frequency 
of excitation alter with a, and so with 0. Hence, 0 is such a function 
of a that, as a varies, it in some fashion includes both elements in the 
totality of excitation over a gross unit of time. Assuming that for 
any small increase, A E, in total exdtation per unit time, wc have 
A E = K.I (a iV) (A F), where N signifies number of receptors, F fre- 
quency of excitation through changes in the positions of the limbs 
during progression, then since A F ct Speed of progression, at least 
approximately, and since A Speed/A log sin a is sensibly constant, 

A E = Kj (A N) (A log sin a). 

But our assumption must be that 0 and E are equivalent, 

A e = Kj (A K) (A log sin ft) 

and — r~ — = ICa (A AO* On this basis, plotting A D/A log sin a 
A log sm a 

against sin a should show how increasing a brings new sense organs 
into play according to the distribution of effective tension-thresholds 
among them. 

In this connection it may be remarked that lowering the temperature decreases 
speed of movement, and D, at given «; while attaching (moderate) added loads 
increases both. It should be dear that the logarithmic factor in these computa- 
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tions is not to be considered as other than a conveniently adequate relationship; 
and with respect to any tendency which may exist to regard it as signifying “Web- 
er s Law” we may point out that here the approximately logarithmic relation 
holds over the a>//e/e u>i>riwg range, not to its mid-portion (cf. Hecht, 1923-24). 

The phenomena of “post contraction” in the human arm show how one aspect 
of the direct proportionality of continued excitation to motor effect may be tested 



The uppermost set pertains to one subject, the lower sets to another. See text, 

objectively. Allen and O’Donoghue (1927) measured the post contractional 
angular displacement of the arm after submission to known tensions. Although 
the3^ analyze their results in a quite different way, it is clear from the data that 
the angular displacement, which (rather than the work done in elevating the 
released arm!) may be taken as a measure of the ^'intensity'^ and therefore of the 
Persistence of the initially excited flow of proprioceptively originating impulses, is 
in fact directly proportional to the exciting force (cf. Fig. 9). In many other in- 
stances the attempt to find “logarithmic’^ relationships is equally out of focus.^ 


* We may antidpate certain matters which it is expected to develop elsewhere, 
to the extent of pointing out that the nature of the limitation of geotropic orienta- 
tion as here considered is essentialh' identical with the andent problem of Yiltei 
weights in psychology*. It can be stated that analysis of the existing data appears 
possible, without appeal to “units of sensation” but in terms of numbers of affected 
tension-receptors, by a method analogous to that employed in the present paper. 
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It will have been noticed that for the distributions of measurements 
given in Figs. 8, 12, c/c., smooth curves have been drawn. This is 
entirely justified under the conditions, since each plotted point is sub- 
ject to a certain (measured) precision, which is taken into account in 
drawing the smoothest permissible curve. It may well be that if 
greater refinement of observation were possible, discontinuities of an 
abrupt sort would become apparent, but if the notions employed in 



Fig. 10. In arbitrary units the differential A0/A log sin a, obtained graphically, 
from the data for race K (cf. Crozier and Pincus, 1927-28; and Fig. 8 of the present 
paper) is plotted against sin a. The resulting curve (full line) is analyaable into 
a central symmetrical distribution curve, and the residues at either side provide 
by difference the right- and left-hand groupings. Within reasonable limits, I, 
II, and in are each symmetrical. 

this paper are approximately correct there seems, in the case of this 
raaterid, no opportunity to achieve such precision; nor is there any 
likelihood that it would appreciably affect the main results of the 
analysis even if secured. 

When A 0/A log sin a, obtained by measuring the slopes of the 
fitted curves (Fig. 8) (by the mirror method, for example), is plotted 
as a function of sin «. the differential curves appear as in Figs. 10 
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and 11. These graphs clearly are not simple. But for the fact that sug- 
gestive comparisons may be made among the curves available for the 
several races, it might be unprofitable to attempt to use tliem. As 
they stand, the differential curves, necessarily incomplete at the low- 
a end, each appear to be composed of 3 almost symmetrical population 
curves. This can be taken to signify, if further tests support the 



sin a 


Fig. 11. An analysis of A0/A log siu a vs sin a for race A shows essentially the 
same condition as in the case of race K, e.xcept that i, it, Hi, are each smaller than 
the corresponding elements in K; and the positions of the maxima are slightly 
different. 

notion, that there are involved 3 large groups of receptors, of succes- 
sively higher mean e.xcitation thresholds, the implication of the mem- 
bers of these overlapping groups in the determination of the angle 0 
proceeding additively as sin a is made larger. The three groups way 
be labelled I, II, III in race A', i, ii, iii in race A. Whether these 
“groups” are, as such, distinct entities, or that merely the mechanics 
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of the involvement of receptors in excitation is diversified in this way, 
we are not at the moment called upon to answer. 

The triplicate character of these curves reappears in the analysis of 
the data pertaining to race B (Fig. 12, 13). WTien the three races are 
compared the differences between them are seen to be of the following 
kinds. Disregarding the magnitudes of d at the lowest workable 
slopes, and paying attention only to Figs. 10, 11, 13, races A and K, 
which chiefly concern us, show but slight differences between the mag- 



nitudes of sin a at which the peaks of our separate distribution curves 
appear. The only real differences concern the sizes of the three sub- 
curves into which each curve has been analyzed. The central curve 
for Aj in fact, is drawn by multiplying the corresponding ordinates in 
the K curve by a constant. Within the limits which are completely 
negligible in view of the errors of the graphical procedure, the same is 
true of the curves for i and iii. The A individuals then differ from 
the K in the magnitudes of the ordinate units in which A O/A log sin a 
is to be expressed. Essential differences between A and K should be 
revealed by reducing the curves for the tw'o to a common basis, involv- 
ing (1) a threshold 0, (2) a constant for A 0/A log sin a. The analysis 
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of the e vs. log sill a curve for race B (Fig, 13) shows groups 1, 2, 3 
again easily recognizable, but to be in each case small. The similarity 
between A and B we have already seen to be chiefly a matter of the 
geotropic threshold (Fig. 1, 8), rather than of the function Ae/Aa. 
Hence if we adjust the ordinate scale to give equivalence in rise of 6 
over the working range of geotropic excitation the curves for A and B 
should be made to coincide, at least approximately. This might be 


C 

<J 



I ' :: ^ ' - '^ -1 

OA 0.6 0.8 1.0 


Sin a 


Fig, 13. Plot of A0/A log sin a for race B. The inodes of the 3 “groups” are at 
practically the same points {sin a) as ■i\-ith K and A races, but the “groups” arc 
each smaller. (The extreme right hand end of this curve is uncertain; see text, 
and Fig. 2.) 


regarded as the effect of a difference in a central nervous threshold 
determining the liminal difference in excitation on the two sides of 
the body. No such simple adjustment can be made with the data 
from iT and A, however, which can abolish the differences revealed 
by Figs, 10 and 11. 

Relations of the same sort appear in the case of young mice {cj. 
Crazier and Oxnard, 1927—28). The orientation of slugs (Wolf, 1926- 
27), and of other forms, involves different considerations, which can- 
not be gone into here. 
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The lowermost “group” is incompletely represented; since A0/A 
log sin a cannot be shown to drop to zero within the range of values of 
a open to reliable test. But if we assume it to be a really symmetrical 
curve (f.e., I and i) we can arrive at a sort of approximation of the 
lowest slope effective in evoking geotropic creeping. For the K race, 
this is (Fig, 10) at about 9°; for the about 5°; and for B, about 6°. 



Fig. 14. 0 w. tog sin a for the Fj progeny (iC X X); points are plotted as bars 
with height *= 2 X P. E. 

These values are “ideal” however, and except in the case of K do not 
correspond to the indications of the cos 0 vs. sin a plots; in this respect 
races A and B must be regarded as having certain of the receptors 
concerned in the determination of d already activated when the individ- 
uals of the age we have employed are creeping on the flat (cf. Fig. 1). 

We might proceed in several ways to test the adequacy of this 
representation. It may be possible, for example, to modify the 
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curves in Figs. 10, 11, 13 when the rats carry additional loads (attached 
masses). One might obtain in this way evidence as to the possible 
anatomical separateness of the three presumptive receptor groups. 
For the time being, however, we confine attention to a genetic test. 

In Fig. 14 the connection between 0 and log sin a is plotted for the 
Fi individuals from the cross Kx A. It may be mentioned that the 



Fig. 15. A^/Alog sin a (full line) is drawn for theFi individuals from K X A, 
The three regions distinguished in the curves for the original races are again clear. 
The central (dashed) distribution curve is traced from that found with the A race 
(Fig. 11); the left hand curve is also traced from that for this race {A); the right- 
hand distribution is that for race K; except for the extreme right hand end of the 
graph, which is in any case uncertain, the parental resolution curves t/f, UA^lIIK 
give an entirely adequate picture of the state of affairs in the progeny; see text. 

respective curves were drawm in their final forms before this mode of 
treating them was contemplated. It appears (Fig. 15) that the Fi 
individuals resemble the A race in that ^^groups’^ 1 and 2 are closely 
enough alike to be taken as identical (f.e., they are i and /f), while 
the area and form of ‘'group” 3 is here an exact duplication of that in 
race K; in fact, the constituent curv^es are traced from the respective 
graphs already given. The only differences lie in the fact that i in 
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Fi is slightly larger than in A, but obAnously not like I in K, so that 
its curve must be slightly expanded (as in Fig. 11, dashed line) ; and 
there are evident slight shifts in the positions of the maxima— that for 
ii being in Fi pushed 0.06 unit to the right, and for III 0.08 unit to 
the left (this makes III assume, as regards its maximum, exactly the 
A position, i the K position, as seen in Figs. 7, 8). 

The naive interpretation of these effects might be to regard the 
conditions producing small i and « groups to be dominant over the 
corresponding large I and II; and reciprocally as regards III and iii. 
If the developmental bases for these differences are distinct and inde- 
pendent, more critical examination of the situation should be possible 
with the help of tests for segregation of their genetic correlates. 

V 

Individuals from the Fi generation of (^ x j 4), already used for the 
orientation experiments, were raised to maturity and back-crossed to 
the K and to the A lines. If the suspicion be justified that the three 
“groups of sense organs” correspond to genetically independent en- 
tities, a different outcome is of course to be looked for in each back- 
cross. The comparison of Figs. 10,11, 13, 15 suggests that the groups 
1, 2, 3 may be in some fashion essentially independent. We then 
expect the following relationships to appear in the two back-crosses. 
In (Fj X A) we expect the individuals to be all very nearly alike, but, 
given adequate measurements, they should be separable into two 
classes upon the basis of a difference in size of group 3; for, if the indi- 
cations of dominance already seen are lived-up-to the progeny in this 
back-cross should obviously be of two sorts, phenotypically, one half 
of them (ideally) showing a large group 3, x.e,, IIIj the other half 
showing iii. In the other back-cross, (Fi x K)j we should expect the 
third group to be essentially alike in all the individuals, but there 
should he four classes as regards the exhibition of large and small 
curves for groups 1 and 2. 

The kinds of difference thus predicted impose a radical test of the 
antecedent analysis. There is required the establishment of a reac- 
tion curve for each individual separately, the grouping of these curves 
upon an objective basis of the differences they may exhibit, a statisti- 
cal justification of such groupings, and the examination of the differen- 
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tial curves which eventuate. We may e.\pect that differences among 
the weights of the cross-bred individuals may introduce complica- 
tions, so that this additional point must be examined experimental^. 

Four litters were used in the backcross Fi x X. These animals were 
born within t-wo -weeks of each other. Three litters were produced by 
mating Fi females to 60th generation King albino m'ales, the fourth 
from a mating of a 60th generation King albino female to an Fi male. 
Four animals (nos. 19 to 22) were put to nurse on a 5 family female. 
No influence due to the mother was noticeable although the B line 
geotropic reaction is ob-vnously different from that of lines A, X or 
Fj. Similarly 6 animals of one of the three Fi x A litters tested were 
nursed by a 5 line female, with no apparent influence on the geotropic 
response due to the mother. The three Fi xA litters were also born 
vdthin two weeks of each other, and two months after the Fi x X 
litters. They were all sired by the same A line male and the mothers 
were Fi females. All the Fi animals used in these crosses were pre- 
viously tested for their geotropic reaction. Where the litter size was 
greater than six the litters were split and part put to a foster-mother. 
Thus from two to six animals were nursed by a single female, but never 
more. 

The individuals tested in the back-cross (Fi x J) were 21 in num- 
ber, 3 litters. Each animal was tested for geotropic orientation, under 
standard conditions, about twonty readings being secured at each of 
7 inclinations. The same creeping surface w'as used throughout. The 
mean 0’s are collected in Table VI, wkere the individuals are grouped 
in a manner to be discussed shortly. 

Although the numbers of rats are small, there are several independ- 
ent tests which may be applied and w'hich give concordant results 
concerning the reality of the differences detected in comparing these 
indi\nduals. We have seen reason to expect very slight if indeed any 
differences in the curves at low values of a, since we would look for 
the receptor groups I and 2 (i.e., i, and ii) to be identical throughout. 
But, from the results of e.xperiments "w-ith attached weights' later), 
this expectation might be upset if the weight of the young rat is geneti- 
cally modified, either as to amount or arrangement, in such a w-ay as 
to act differentially upon our assumed groups of receptors. Table 
VII shows that there is no correlation, however, between the total 
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TABLE VI 


Average orientation angles secured with 21 individuals (3 litters) in the back 
cross generation (Fi X A ) ; separated into two groups on the basis of A 0 in the 
range a = 45° — 70°; analysis in Figs. 17 and 18. In this and in several succeed- 
ing Tables blank entries sigmfy that for one reason or another no observations 
were made. In the column headed “coZor”, 6 signifies blacky y signifies yellovf. 

(F, X A) Group 1 {111) 
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weight of indmdual and the mean 0 at a ~ 20°, nor at a = 70°. 
This influence of weight we may then ignore, at least as to any gross 
manifestation (as already noted with the Fi generation). We can 


K A 



Fig. 16. Frequency distributions of mean 0 at a = 20*^, for Fi, (Fj XA),(Fi Xl 
populations; mean values of 0^0"* for K and A lines are added. 

therefore afford to look for a significant shift of 0 at a — 20® in cor 
paring the orientations of individuals produced in the two back-crosse 
It is to be remembered that at this low inclination the 0 measuremcn 
are the most variable; so that we might not be surprised to find on 
blurred indications of the relationships sought. The experiment 
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facts, however, are detailed in Fig. 16. It is clear that the Fi indmd- 
uals show modal 0’s between those already gotten with the K and A 
races, and that with (Fi x the mode moves still further toward the 
A position— becomes in fact identical with it. With (Fi x 2C) there 
is some definite indication of two types of 0, one near the Fi position — 
that is, shifted toward JT, — while the majority cluster about the 0 
characteristic of the A race. We shall find independent reason for 
regarding these distributions as reasonable. 


TABLE vn 

Distribution of mean 0 for each individual at « =» 20®, as function of weight of 
animal; (Fi X .<4), and in italics {'PiX K). Showing no correlation in either case. 



1 Wt.,et7u. 

1?.S 

19.S 

zt.s 

23. S 

25.5 

27.S 

29.5 


1 

46.5 

1 









\ 




1 




48.5 


2 

3 

1 


1 




1 

1 

1 

3 

2 ! 



s 

50.5 

i 1 

J 

1 1 


1 




1 

1 

1 

1 





^ 1 


1 

2 



6 

1 

1 


52.5 


3 ' 

1 

4 \ 



1 

1 



1 

1 



1 




54.5 


2 

2 


1 


1 


56 .5 

I 

1 

1 






The mean 0’s at lower slopes for (Fj x A) individuals are obviously 
consistent throughout. At the uppermost end of the curve, however, 
this is no longer true. Careful consideration of the curves for the 
separate individual shows that they fall into two classes which can be 
distinguished reasonably well. Up to a = 55° the 0's for both classes 
show astonishing agreements with the means already established for 
the A racei (cf. Table 1). The fact that the agreements are in this 
respect better than with the Fi population may be acddental, or due 
to the genetic reshuffling of unrecognized influences affecting orienta- 
tion. But above a = 45° the two classes of cases recognized in Table 
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W are to be separated. In one of these classes the determination at 
O' == 55° is consistently higher (as in the Fi population) than in A, 
while the figures for the other class agree better with those for A. 
The curves for the mean 6’s in the respective classes are given in Fig. 
17. There is no real correlation between weight of individual and this 
grouping, though the iii rats average a little less than the III array. 
These differences are so slight that in spite of their complete consist- 



Fig. 17. Orientation-angles (0, mean) for two groups of individuals (Table VI) 
distinguished in the back-cross progcncj' (Fi X A); in one group (•), the effect 
labelled III (c/. Figs. 10, 11, 13) is apparent, and contrasts with iii in the other 
group; the only detectable difference is in the region a = 50° to a - 70°. 

ency with the forecast of the analysis we do not feel that any great 
significance can be attached to them alone. Their real meaning is 
that the mere crossing of Fi and A individuals, found to be closcIy 
similar in geotropic behavior, does not give rise to new and unforseen 
differences among the progeny produced. This negative evidence is 
none the less powerful, and supports the evidence prowded by the 
forms of the cur\’es in Figs. 17, 18. The relations between cer 0 and 
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Fig. 18. Cos 6 vs. sin a for the two groups of individuals in the families (Fi X -4). 
For one of these, the line should be similar to that for Fij for the other, it should 
be similar to that found for the A grandparents. The group of composition (i, ii, 
hi) give a slope A cos 0/A sin a = 7.8, with A sin a taken 0.4, while for the A hne 
the slope is 7.8 (c/. Fig. 1). [The fact that the position of the line is slightly lower 
on the cos 6 axis is discussed subsequently in the text; this eHect causes the 0 — 
log sin a plot (Fig. 17) to be as it were rotated about a mid-point (by comparison 
with that for A), and thus to signify a broadening of the distribution curves for 
thresholds of our groups of sense organs.) The group of individuals presumptively 
(i, ii, HI) in constitution should on the present coordinates show a break in the 
graph, with increased slope at the high a-end. The best fitting straight line 
should have a slope similar to that already gotten for the similarly constituted Fi 
(Fig, 5); it is actually ^ 8.0 units, as compared with 8.4 units for Fi. 
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sin a for the two groups of individuals are given in Fig. 18. (At a 
later point, the variability of mean e is also discussed). It should be 
mentioned that sundry random groupings of individuals (Table VI) 
have been tested, and that in no case do the regularities detected in 
Fig. 17 any longer appear. 

It will be noticed that where we expected large and small examples 
of “group 3” in the ratio 1 : 1, we have in Table VI actually 11 of one 
kind and 10 of the other. This ratio is better than would be expected 
to occur often in a sample of this size. Consequently it is of interest 
to find that, from the color-factor constitutions of races K and A, we 
look in the progeny of Fi x A for black and yellow offspring in the ratio 
1 ; 1 ; we have in the litters used for the geotropism tests 10 yellow and 
11 black. There is no definite association of our J/J and in forms ob- 
servable with color (4 were III, yellow; 6, III black; 6, Hi yellow; 5, 
Hi black). The factual segregation of the color-determining genes, of 
which the genetic behavior is sufficiently well-known, proves that no 
untoward selective influence dictated our choice of individuals for test- 
ing. It seems to us worth stressing the technical advantage, and the 
significance, of such self contained checks on the composition of the 
populations used in the tests, especially when the numbers available 
cannot be made large. 

The results in the other back-cross are expected to present a more 
complex picture. We look for all individuals to be alike as to “group" 
III; but, if free assortment of whatever it be that determines the I, i; 
II, ii association is to take place, we look for four groups of individuals 
phenotypicaUy separable, showing aU possible combinations of tlie 
“large” and “small” groups in positions 1 and 2. Since it is physically 
out of the question to manipulate large numbers of progeny and yet 
to keep all necessary conditions uniform, and since our primary aim 
was to test the nature of differences between our original formulae 
for the K and A lines, any evidence of segregation is to be looked upon 
as favorable to the inquiry. 

From the indications given by the distributions of 0 at 20’ (Fig. 16) 
we have already seen reason to expect in (Fi x K) two groups of individ- 
uals, separable at low values of a. I^Iore complete separation is ob- 
tainable in two other ways. With sufficiently reliable measurements 
we might analyze the (9-log sin a curv'e for each individual, grouping 
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TABLE Vm 

Individuals produced in the backcross (Fj X K) are empirically separable, as 
regards A0/Aa, into four distinct groups, as discussed in the text; blji. = black 
hooded, oZ&, =« albino. 


(F, X K) Group 1 {I, n, III) 


No. 

WC, 

tmt. 

Color 

e 

a » 20* 

25' 

30' 

3S' 

45* 

55* 

70* 

4 

21 5 

ht.h. 

49 06 

56.32 

60.88 

63 63 

BIBi 

80.38 

84 63 

S 

19 S 

U.h. 


57 29 



76.29 

81.00 

82.71 

8 

1 20 5 

1 c/6. 


53 .W 

59.45 

68.44 

71.17 

80.84 

83.59 

11 

1 19.0 

c/6. 

48.88 

53.25 

58 90 

68.99 

74.63 

82.53 

84.74 

19 

20.5 

c/6. 

49.23 

1 56.23 

58 41 

68.95 

77.94 

UKyi 

86.67 

Mean — 

20.2 


49.23 

i 54.63 

59. 4S 

66.94 

74.98 

80.51 

' 84.53 


Group 2 (i, ii, in) 
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TABLE — Concluded 

(Fi X K) Group 4 (i, II, III) 


No. 

i 

TV t., 1 

ffrw. 1 

Color 1 

1 

0 

B 

25“ 

30“ 

35“ 

45“ 

55“ 

70* 

2 

22.8 

bUt. 

53.46 

60.36 

61.58 

62.88 

75.50 1 

79.91 

82,00 

14 

26.0 

aJb. 

53.93 

55.82 

61.94 

65.95 

75,06 


79.44 

16 

28,5 

hl.h. 

54.12 

57.75 

— 

64.93 

69.84 

77.39 

78.33 

17 

26.5 

alb. 

52.87 

55.03 

59.38 

63.82 

73.76 

78.94 

79.10 

20 

19.5 

bUi. 

1 53.28 

1 59.53 

i 61.21 

1 64.68 

76.05 

1 

82.25 

Jvlean = 

1 

24.8 


53.53 

57.69 

61.03 

64.65 

74.04 

78.06 

80.22 


these in accordance with the indications of the presence of I, i; II, ii, 
or the other combinations. This has in fact been done. The alterna- 
tive method is to consider the cos 9 — sin a plots. The results of 
these two methods are completely concordant. Limitations of space 
lead us to present only the result of the latter proceedure in detail, but 
the material for the former treatment is given in Table VIII. 

By very fortunate chance the races initially chosen for these experi- 
ments, A and K, turn out to be rather “simple”, in the sense that our 
three “groups of sense organs” are each large, in K, small in A . Were 
it not for this fact the analysis would be much more difficult. As one 
result of the actual condition, the cos 6 — sin a plots for these races 
(Fig. 1) are straight. But in a combination corresponding to I, ii, or 
to i, II, the graph -wath these coordinates should show a sharp break. 
With I, ii, the low - a end should be steep, as in the K race, the mid 
region less steep, as in A (Fig. 1). None-the-less, recognizing possi- 
bilities of errors in the determinations of 0 nath any one individual 
taken singly, it is possible to draw a fairly satisfactory line through 
the points for each one, plotted as cos 6 vs. sin a. In the case of the 
K race, the slope of this line, in arbitrary- units [4.0 A cos 0/(A sin 
a = 0.4)] is 12.6 units; for the A race, 7.8 units; for Fi (iTx A) it is 
8.4 units. We expect in (Fi x FT) a group of indmduals shovang a cos 
9 —sm a slope near to 12 units, another with slope near 7.8; and, if 
the pre\aous assumptions are just, two other groups with slopes in 
between these values. The relati^-ely greater uncertainty (expen- 
mentallv, not statistically,) of 6 at a = 70’ makes the finer separation 
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doubtful, since this 0 is likely to be low. At least, we can say that 
one group should have the slope A cos 0/A in a (chiefly weighed by 
the 0's at a< 70®) near to that for K; another, more numerous, near 
to that for A; another, about as numerous as the first, with the slope 
intermediate. In fact the grouping by this method is rather rough, 

TABLE IX 
(Fi X A'} 


Association of individuals in (Fj X A) as determined chiefly by the slope A cos 
0/A sin o; as explained in the text, this is a rough measure only, and has to be 
corrected according to other criteria. 


No. 

4 0 A cos 0 

No. 

4 0 A cos 0 

A sin a >> 0,4 

A sin a *> 0.4 

Group 1 (I, II, III) 

Group 2 (i, ii, III) 

4 

9 5 

1 

6.8 

5 

10 1 

9 

7 7 

8 

9 8 

12 

7,8 

11 

11 1 

13 

7 6 

19 

9.9 

22 

8.2 



21 

7 I 

Mean = 

10 1 

10 

7.6 



Mean = 

7.6 

Group 3 (I, ii, III) 

Group 4 (i, II, III) 

3 

8 8 

2 

8 1 

6 

9 2 

17 

8,1 

7 

9 0 

20 

8 0 

15 

8.1 

14 

8.2 

18 

9 0 

16 

6.7 

Mean — 

8 8 

Mean = 

7.8 


although quite clear, as Table IX shows; it has been checked by the 
more detailed consideration of the cos 0 — sin a plots for each individ- 
ual, where it is dear that the slopes for the parts of the graphs com- 
pel the recognition of independent assortment of I, i and H, a "'groups 
of sense organs." This mode of associating the individuals is ex- 
hibited in Table YLll. The mean 0’s for each group are plotted in 
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Fig. 20. 6 vs. log sin « for the four groups of individuals segregated in the back- 
cross progeny (Fi X K), Group 1 should be like the grand-parental K; Group 3 
should have its low-a end like that for 1, its mid-portion like that of Group 2. 
Group 2 should resemble closely, except at a = 55® — 70®, the grand-parental Af 
or more closely the Group (i, ii, HI) of segregates in the back-cross (Fj x A), with 
which its curve is indeed identical. Group 4 should show a lower portion of its 
curve like that in the curve for Group 2, its later portion like that in the curve for 
Group 1. In other words, as regards the slopes of these curves, considering each 
curve divided into two parts on either side of a « 35®, we should find aU possible 
combinations of low and high slopes — high slope below 35® combined -with either 
high or low slope above 35® (up to a — 55®), and reciprocally. It is clear that 
these combinations are indeed found. 
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Fig. 19, where the slopes given to the lines are those obtained in Table 
IX. When the separate series are studied it is evident that the '‘bro- 
ken” character of the plots is sufficiently clear in the case of three of 

TABLE X 

The variability function (c/. Table II) for certain individuals from the back- 
cross (Fi X iiO- 

The value for Nos. 8, 11 might be expected to be like that for K: 


mean, degrees 


a 1 

20’ 

25* 

30* 

35* 

45* 

55* 

70* 

No?. S, 11 

P.E.. 

49.70 

53.15 

59.18 

69,72 

72.90 

81.69 

84.17 

100 

e 

2.7 

2.0 

2,21 

1.42 

1.14 

0.80 

0.63 


The slope A 


P. E.0 

e 


X 100 / (a log sin a) is in this case, using units previously 


employed, = 2.00; N = 3.88; the product = 7.76, obviously of the order of 
magnitude obtained with K (cf. Table II). 

Individuals 9, 10, 12, 13, placed in our second group, i.e. resembling the Fi 
population, were chosen because 20 observations were obtained with each of these; 
the variabilit}' function is obtained from P. E. /O X 100 for the summed records; 


a ta 

1 20* 1 

25* 

30 * 

35* 

45 * 

S5* 

70 * 

100 V.E.e/6 = 

1 67 

1 46 

I 50 j 

0 60 

0 72 1 

1 OS 

0.75 


is 0.9 X 0.71 = 0 64 


This compares sufficiently welt with the value 1.92 (Table II) gotten with Fi, .as 
to order of magnitude. 

The cogencj’ of this reasoning is further supported by analysis of the variability 
of the group of (Fj X A) individuals {T<able II), determined to be like race A. 
For these, the value obtained is 2.5, which as to order of size agrees well with the 
value for A as gotten in Table II. 

the four sets. The remaining one is like the original K line, save that 
the O's are uniformly higher (cos 6’s less). This corresponds to a 
uniform lowering of the A' graph, with only very slight change of slope. 
The same shift is seen in the graph for the A line which “ought” to 
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describe the course of the observations with the second set (i, ii)below 
a — 50°. It will be noticed that the graphs for the four sets cross 
at a - 36^ zk, as predicted in an earlier Section (p. 78), and that the 
mean are included within the lines corresponding (with the parallel 
shifts just mentioned) to the K and A grandparental races. The shifts 
correspond, it seems to us, to the entrance of other (genetic?) factors 
not segregating with I, i, etc., but capable of affecting 0; they cannot 
be associated simply with weight of individual; the effect upon the 
distribution curves for A0/A log sin a is to cause them to broaden out, 
with lowering of the ordinates , (cf. Fig. 20, 21), as in the case of our 
B race. 

An important check upon the associations given in Table VTII has 
been obtained by various trials at random and obviously “false” 
groupings. It was pointed out much earlier (p. 78) that in the total 
(Fi X K) population P. E. 0/6 passes through a minimum at a =* 
36° rb, plainly indicating heterogeneity. For each group in Table 
Vni the variability of 0 declines as a straight-line function of log sin a. 
With sundry false groupings this is at best only feebly true, and usually 
quite untrue. A striking point about the groupings here given is that 
for the segregates expected to be like the K grandparents the vari- 
ability is so likewise; while for those expected to be h'ke Fi (K x A) 
this is also the fact. The average 0*s given in Table VIII include for 
some individuals 20 db observations each at each a, for others 40 zfc; 
the latter were obtained in the course of tests designed to see if facilita- 
tion (“learning”) influenced the measurements of 0 — as we have 
already discussed (p. 60). To simplify the presentation we choose 
two individuals of the group I, II. Ill and four from i, ii. III, and in 
Table X give the variability function for the two lots. If the varia- 
bility is a function of specific sense organ groups, the “variability 
number” for the first lot should be like that for K\ of the second lot, 
like that for Fi (X x A) . Table X shows that to a remarkable degree 
this is indeed the fact, although we do not seek to stress the conclusion 
unduly until further data are available. 

If there is free association of I, i, II, ii, and of the color-factors in- 
volved in the cross, we expect equal numbers of I and of i, of II and of 
ii,and of Hack hooded and of albhto individuals, with no indication of 
connection between color and geotropic 
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there are in Table VIII respectively ten and twelve cases; of 11, ii, 
respectively ten and twelve; of the former (c/. Table ^TII) nine are 
bl.k, thirteen alb.; of the latter, the ratio is the same. Table XI 
shows no connection between color and geotropic response. As stated 
in discussing 'Fi{AxK), this fact we regard as direct evidence that 
no untoward influence dictated our selection of litters for examination, 
since the inheritance of the color genes is well known, and the appear- 
ance of the patterns in our individuals shows chance arrangement. 

When 6 is plotted against log sin a, we expect for these groups of 
individuals curves of which the differentials should show, when plotted 


TABLE XT 

Distribution of the “sense organ poups” I, i; II, ii in relation to color factors, 
in the progeny (Fi X X). 



ILh. 

clb. 


I 

3 

7 

JO 

5 

6 

6 

12 

1 

P 

13 




clb. 


II 

5 

5 

10 

ii 

4 

8 

12 


P 

13 



against sin or, the 3 "groups of sense organs" previously recognized. 
Of the tl-curv'es we expect one to be like that for Fi, one to be like that 
for K, the other 2 different in certain predictable ways. At the same 
time, the shift of the cos <9 graphs we have earlier remarked as "flatten- 
ing" the differential cun^es. This corresponds to a curious "rotation" 
of the 0 — log sin a curve, about a mid-point, as seen also in the com- 
parison of lines A and B, and may be related to the participation of 
other ("genetic"?) influences, but we are in no position to discuss these 
concretely. Howe%'er, there is no di/nculty in recognizing the four 
kinds of indinduals we in this case seek. It is instructive to notice 
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that several of these sorts of individuals give 6 — log sin a graphs 
much more nearly straight, as a first approximation, than those origin- 
ally gotten for races K, A, Bj etc. This again reminds one of the 
dangers of “Weber’s Law,” and leads us to remark that this particular 
straight-line is not quite the same thing as that usually appealed to 
fn such relations. In the present cases the approximate rectilinearity 
holds over the whole workable range of a, whereas it is well known that 
the relation usually seen between response and log stimulus, and for 
photic excitation clearly analyzed by Hecht (1924, h), holds only 
over the midrange. 

Curves of d vs. log sin a for the four sorts of individuals recognized 
in (Fi X K) are plotted in Fig. 20. The differences among these have 
already been brieflj^ characterized. It may be noted that the probable 
errors of the mean 0's are less than the diameters of respective sym- 
bols, but are a little larger than might be expected on the basis of the 
numbers of readings, owing to the fact that the 6 curves for two indi- 
viduals maybe parallel, but A0/Aa the same; the use of litter-mates 
in the K and A series apparently avoided this effort. 

A general scheme for the inheritance of these phenomena can accord- 
ingly be written: 


Receptor groups 1 2 3 

Race A i ii iii 

RaceK I II HI 

Fi.axk ia) new mui), 


with the realization that in backcrosses with A and with K the ex- 
pected phenotypic classes, recognizable by several different tests, in 
each case appear to be found, and in proportions of individuals which 
clearly indicate the possibility of independent alternative inheritance 
of the factors recognizably concerned. 

Genetically, the amount of geotropic orientation in these animals 
must be regarded as a “multiple factor” effect. It is possible to foresee 
that in certain other instances it may be feasible to disentangle the 
relations of several cooperating genes by the similar application of 
methods which seek to modify quantitatively the expression of com- 
posite resultants according to the influence of some controlling condi- 
tion of the respective contributing factors. 
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VI 

With regard to the possible significance of these differences, inter- 
pretation must proceed slowly. They cannot be accounted for by 
mere differences among the weights of the several individuals. Since, 
as we have seen, the values of 6 at threshold a are apparently dis- 
tributed in a way corresponding, at least roughly, to the finer differ- 
ences brought out, it might be conceived that rc-distrlhutions of the 
weight, in terms of differential growth rates of the regions of the body, 
might influence in a differential way the excitation of a fundamentally 
uniform series of receptors,— essentially the same, that is, in all the 
cross-bred individuals. But a little reflection makes it appear that 
this assumption would require rather elaborate hypotheses if it should 
attempt to explain in detail the effects as found, and it could not in- 
terfere with the conclusion we are impelled to draw. 

If we accept the initial assumptions of these experiments, chiefly 
that according to which 0 is determined by the achievement of essen- 
tially equivalent excitation of tension receptors on the two sides of 
the body, 0 in degrees being therefore a proportional statement of the 
total amount of excitation, we must recognize at least the following 
elements in the case: (1) the magnitudes of the exciting pull (ksma); 
(2) the variation of excitation thresholds among the population of 
receptors; (3) the frequency with which their excitation occurs, 'and, 
presumably, (4) central nervous thresholds. The relative simplidty 
of the results obtained in endeavoring to analyze the observations 
encourages us to believe that the method of treatment deals success- 
fully -with (1) and (2-3). It is implicit in the treatment that by a 
“receptor” effect we include the whole chain of events from sense 
organ through to central organ and beyond, and include also the fre- 
quency of excitation,— because it is in these terms that our “groups 
of receptors” are recognized. But it should be noted that the speed 
with the A line is, at gi’v'en a, a little less than nith K; qualitatively it 
increases in the same way. We have ignored possible differences in 
speeds of creeping, because no great absolute differences were per- 
ceptible between the several lines used; and there is at present no 
means of dealing with the significance of the speed as related to length 
of limbs and the like. The matter of “central thresholds” ((4) above,) 
we cannot deal with directly. In \'iew of the correlation between 
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threshold 0’s and the slopes of the 0 — log sm a lines, it might be 
supposed that the essential genetic differences between lines, 
and the Kyi A hybrids relate merely to the ease with which particular 
assemblages of tension-receptors become effective as loci of stimula- 
tion, whether through differences in central nervous conditions, or 
through differences in the relative excitabilities arising through diverse 
arrangements of the body mass relative to the dimensions or attitudes 
of the appendages during creeping, or to the frequencies of stepping. 
Such differences might well be responsible for the fact that at the 
slope where 0 begins to be exhibited as a definite function of the slope, 
different ^‘numbers of receptors” are already involved in the several 
cases. The question remains, whether these additional receptors are 
drawn from the whole available array, or selectivel)r from one or more 
groups of them. But in neither case would the effect in any way 
minimize the significance of the recognition in the present cases of 
three such groups. As is shown in the final section of this paper, a 
selective effect on one of these three groups can be demonstrated when 
an additional mass is appropriately carried by the creeping rats. A 
choice among the several alternatives suggested (and others are 
possible) would affect merely the interpretation of the genetic results. 
In other words, we cannot say that the genetic differences utilized and 
revealed in the present experiments definitely depend upon the occur- 
rence of three distinct groups of sense organs, the number of organs in 
each group differing in the several pure lines used and being subject 
to the rules of simple alternative inheritance, because the conditions of 
their ejffective excitation may he the things subject to inheritance. Whether 
these conditions are of a central nervous sort, or depend merely upon 
the relative rates of development of the numbers of tension receptors 
in our three groups, in the several races used, cannot be stated. The 
contrast between lines B and A might be understood in either way. 
These considerations do not affect the fact (1) that the quantitative 
differences found between lines A and K are shown by their genedc 
analysis to be real differences, and (2) that genetic differences oi 
sort we have used can be recognized and characterized only by 
tative procedures which seek to define the genetic phenomena’" 
function of an experimentaUy controllable variable. 
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It has been clear to ns that the existence of the three ‘%roups of 
sense orpns” apparently concerned in the adjustment of the geotropic 
orientation of our young rats might be made more certain if demon- 
strable by some independent test. At the same time, it might be 
possible to predict upon this basis, at least in a general way, the out- 
come to be expected as result of certain modes of experimental manip- 
ulation. If, for example, our three categories of sense organs inhabit 
diverse organic loci, ^muscles, tendons, skin, — it might be possible 
by increasing the loads to be carried by the young rats to modify in a 



Fig. 21. Outline of a rat creeping on an inclined surface, with flat brass weight 
attached to the skin of the back. Outline from motion-picture record. 

predictable way the curve connecting Q with a. Wc have earlier 
demonstrated (Crozier and Pincus, 1926-27, o; Pincus, 1926-27} 
that when small masses are attached to the base of the tail of these 
animals, at constant a there is evident an increase of 0 about propor- 
tional to log m, where in is the added mass, and that the speed of 
linear progression is similarly influenced. The information now re- 
quired, however, depends upon measurements of 0 as a function of 
a, with m constant. If the added weight is so located as to influence 
primarily one of our “three groups of sense organs,” bringing it into 
plav at lower values of a than in the absence of the weight, then wc 
expect the curve connecting 6 with log sin a to be distorted at one 
end or the other. In that ’event, cuiwes of the t jpe of those already 
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shown in Figs. 10, 11, should undergo a change signifying a shift of 
apparent thresholds of the sense organs of one or more groups. 

An experiment of this sort may be described here. It was made 
with individuals of race iv, under standard conditions, the individuals 
first being tested for orientation at several values of a and then em- 
ployed after a flat brass weight (2 gms.) had been attached to the center 
of the back with a thin layer of chicle. The total attached mass was 

TABLE xn 

Angles of upward orientation (0) of young rats of line Jv, carrying a mass of 
2.15 gm. as shown in Fig. 21, at various inclinations of the surface (a). Two 
series of tests (i, ii) , with four individuals (n = 40) in each. The way in which e 
is increased, at lower values of «, b made dear by Fig. 22. The manner in which 
the A cos 0/A sin a relationship is dbturbed b shown by Fig. 24. 


o 

iegrtu \ 

e 

atgfta 

<i) 

Cl) 

IS 

51.56 

49.SO ±1,20 

20 

59 65 32 

57.76 ±1.09 

25 

66 80 ±l 07 

63.71 ±0.92 

30 

70 10 ±0.94 


35 


69.20 ±0.87 

40 

70 83 ±1 01 


SO 

78.41 ±0 80 

i 

55 


78.91 ±0.71 

65 

85 15 ±0 55 


70 


1 86.12 ±0.43 


2.15 gm. It is not particularly easy to attach weights to these ani- 
mals, on account of the looseness of the skin, and the method now used 
was adopted only after trial of a number of others involving the use 
of tiny harness straps (of rubber dam), clamps, and the like. The 
diagram in Fig. 21 illustrates the relation of the weight to the animal's 
axis. 

The experiment comprised two parts. In the first, measurements 
of orientation were obtained at various inclinations in about 10 runs 
with each of four individuals. Care was taken to exclude fatigue 
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effects. The second part of the test was a repetition of the fore-^oinn 
with a new litter of rats, some days later. ° 

The results from these two experiments are collected in Table XII. 
The plot in Fig. 22 makes it e^^dent at once that at low values of a, 
6 is increased, in a regular manner, by the presence of the added mass. 



Fig. 22. Orientation-angles (6), at different slopes of surface (a), for individuals 
of line K with added load (2.15 gms.); lower curve, v.-ithout weights. 


Moreover, the flatness of the curve at intermediate magnitudes of log 
sin a clearly suggests the kind of unequal distortion of the 0 curve 
which we have seen reason to expect. The differential curves corre- 
sponding to the ^-graphs in Fig. 23, obtained as preWously described 
in connection with Figs. 10, 11, are given in Fig. 25. If the amount 
and the adjustment of the weight in these tests has been such a.s to 
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influence chiefly the sense organs of our group II, and to a lesser extent 
those of group I, bringing the affected ones into play at low angles of 
inclination, below or as low as at the working threshold inclination, 
then the area under the differential curve B in Fig. 25 should be less 
than, and proportionately related to, the area under curve A in Fig. 25. 
It is evident that this is in fact the case. The mean 0, without 



weight added, at 15®, is (from the curve) 34®; with a load of 2.15 gms., 
0 — 50®. Continuing the assumption that B s the total number 
of sense organs capable of controlling the geotropic orientarion, and 
assuming that all these are activated when 6 « 90®, then the number 
remaining to be activated by increasing « above 15® is, without the 
weight, proportional to 90—34, or 56; with the load, to90— SO, or 
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40; in the latter case the number of "'available sense organs” is then 
reduced in the proportion of 40/56, or of 2.0/2.S. Actually, tlie 
areas under the two curves in Fig. 25 are (in arbitrary planimcter 



Fig. 24. Cos 0 vs. sin a for b'nc K indmduals wth added load. The original K 
graph is added as a thin line. Note that the projection of the initial segment of 
the broken graph goes practically through the origin (a = 0, cos 0 - 1); the don-n- 
■ward displacement is a function of the added mass. 

units) as 24.90 to 16.77, or in the ratio of 2.0/2.98. If we assume that 
all the activation effectively possible is obtained at = 83®, then the 
ratio (S3 -34) / (S3 -50) is as 2.0/2.97. This is effectively the maxi- 
mum obtainable 0. The agreement is so close as to preclude accident, 
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we believe; if tMs be correct, there results a striking justification of 
the conception that the orientation angle is determined in such a way 
as to reflect, directly, the total number of receptors activated per unit 
of time during oriented progression. It will be noted that on the cos 
6 plot (Fig. 24) the extension of the line appropriate to the observa- 



Sisia 

Fig. 25. A 0 / A log sin a, vs. sin a, for ^-line individuals carrying weights 
(o); for iv-rats without weights, thin line. 

tions at lower values of 6 passes practically through the - 0 origin 
(cos 0-1). This would be interpreted to mean that the presence 
of 2.15 gms. added mass stimulates none of the receptors in question 
while the animal is moving in a horizontal plane. The modifications 
of the curves which might be expected with larger masses, or by em- 
plojdng rats of other races, cannot be entirely foreseen. 

The variability of 6, as P.E. s/0 X 100, is much reduced, proper- 
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tionately, at equivalent a, for individuals carrjnng an added load (2.15 
gms.), as shovm in Fig. 26 a. By comparison with a series (open cir- 




FlG. 26. A. The percentage variability of 0, as P. F /Ox 100, is much re- 
duced, proportionately, at equivalent o, for individuals carr>dng an additional 
load (2.15 gms.), by comparison with series A' II (open circlets) where the same 
numbers of individuals and of obsen'ations are concerned. 

B. The variability of 0 plotted against 0, for the two sets of obscivations. Sec 

text. 

clcts) in which the same number of indiriduals (4) was concerned, 
with the same number of readings on each, the slope ^ (P.E./O)/^ 
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log sin a is in the two cases in the ratio of about 1 :2.S7, If the 
able errors, as percentages, are however plotted acainst $ for 
series, as in Fig. 26 b, the relationship is again sufficiently rectili 
and the comparison is fairer. The slopes of the fitted lines a 
1: 1.66. If we assume the variability, with the load, to be reduc 
proportion to the effectiveness of the total load as a gravitatio 
activated stimulating agency, we might expect the variability 
ceptible to reduction by increasing a to be diminished in proporti' 
the 0 angles at threshold a (15°); this is as 51:34, or as 1:1.5. 
agreement with the observed 1:1.66 is suggestive, and suppl 
further confirmation of the analysis. 

There is obtained in this way a distinctly encouraging proof 
the elements underlying the assumption of definite geotropic orii 
tion under conditions of steady progression, which have been d 
dated by purdy genetic methods, can by an independent metho 
shown to occur as distinct entities. We do not now hazard an opi 
as to the possible structure character or the locations of the db 
“groups of sense organs.’' It is possible that weights attached t< 
rats at other parts of the body would produce qualitatively diffc 
effects; indeed, this would be our expectation. But we submit 
the general results of this analysis, including the outcome of the a; 
cation of the independent tests which have been described, const! 
a reasonably self-consistent picture; and that alternative interpi 
tions of the facts which we have adduced must he prepared to acc( 
for these relationships in a definite way. 

vin 

StJMUARY 

1. Equations describing the geotropic orientation of young 
as a function of the inclination of the surface on which creeping 1 
place, under standardized conditions, are found to be of similar f 
but with different values of the contained constants, when sev 
different, genetically stabilized 'lines or races are compared, 
values of these constants are characteristic for the several races. 

2. The biological “reality" of the differences between young : 
of two races, as given mathematical form in terms of these paramc 
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and coenicicnls, can be submitted to radical test by investigating their 
behavior in inheritance. A simple result favorable to the inquiry 
would be decisive; a complex, non-dear result would not however be 
definitely unfavorable to the view that “real” differences in behavior 
arc in question. The actual result is of a kind demonstrating (a) the 
efficiency of the original formulations, and (b), at the same time, 
the definite inheritance of certain quantitative aspects of geotropic 
behavior. 

3. On the assumption that orientation on a sloping surface is 
achieved when, within a threshold difference, the tension-excitations 
on the two sides of the body (legs) are the same, the angle of oriented 
progression (0) can be taken as a direct measure of the total exdta- 
tion. This is consistent vith the equation, accurately obeyed by our 
initial races, A cos 0/A sin a ~ — const., W'here a is the slope of the 
surface. 

4. The total excitation of tension-receptors must be regarded as 
involving, over a gross interval of time, (1) the total array of receptors 
with thresholds below a certain value, a function of the stretching 
force, and (2) tlie frequency of change of tension. The latter, largely 
determined (it is assumed) by the frequency of stepping, should be' 
proportional to the speed of progression. This speed is directly pro- 
portional to log sin or. Hence AO/ A log sin a. plotted against sin a, 
should give a picture of the distribution of effective thresholds among 
the available tension-receptors in terms of the exciting component 
of gravity. For the races investigated this distribution can be re- 
solved in each case into three groups. 

5. A "variability number” is employed which permits the demon- 
stration that the variability of 0 as measured is (1) definitely controlled 
by a, and is (2) a characteristic number for each of the pure races used. 

6. By attaching a weight to rats of one race it is found that A0/ 
Aa is modified in a manner concordant with the assumption that the 
three "groups of sense organs” are in fact discrete. 

7. In race K these three groups (I, II, HI) are large, in race A, 
small (i, ii, iii). Fi rats of the cross between these two races show i, 
ii. III. 

8. Fi individuals badc-crossed to A give in the progeny two sorts 
of individuals, in equal numbers: i, ii, HI and i, ii, iii. 
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9; Fi individuals back-crossed to K are expected to give in the prog- 
eny four types of individuals, I, II; i, II; I, ii; i, ii. In the numbers 
available these classes are reasonably dear, and occur with equal 
frequency. 

10. It is pointed out that these considerations imply a mode of 
definition of a gene somewhat different from that commonly employed 
by tacit assumption; namely, a definition of the effect in inheritance 
as a function of some controlling, independent variable. 
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Irreversibility bas always been, considered one of the most striking 
characteristics of the coagulation of proteins. Four years ago, our 
experiments with hemoglobin led us to suppose that coagulation is 
reversible (2).t More complete evidence that the coagulation of 
hemoglobin can actually be reversed is provided by the present experi- 
ments. This first paper describes the preparation of completely 
coagulated hemoglobin and shows that the denaturation and coagula- 
tion of hemoglobin are the same as the denaturation and coagulation 
lof other proteins. The second paper of this series describes the 
^ preparation from completely coagulated hemoglobin of soluble crystal- 
line hemoglobin which by all the tests tried has been indistinguishable 
from the original native hemoglobin. Other papers are concerned 
with (1) the properties of proteins coagulated at interfaces, (2) the 
preparation of so-called native globin and the reversibility of the 
coagulation of globin, and (3) some properties of the tissue proteins 
and their significance in such phenomena as muscular contraction. 

Description of Denaturation. As has been shown by Hardy (7), 

* Many of the experiments described in this and the following paper were done 
in the Biophysics Laboratory of The Cancer Commission of Harvard University. 
A brief account of these experiments was presented to the Society of Biological 
Chemists in 1927 (3). Our first preparation of crystalline hemoglobin from 
coagulated hemoglobin was described in our doctoral dissertations, University 
of Cambridge, 1926. 

t Wu and Lin (15) have confirmed these early experiments but they disagree 
with our interpretations of them. Spiegel-Adolf (13) has recently presented 
evidence that the denaturation of serum albumin is reversible. 
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Chick and Martin (4, 5), and Sfirensen (12), coagulation proceeds in 
two distinct steps. The first step, known as denaturation, is a change 
in the native protein brought about by heat, acid, alcohol and other 
agents,* which makes the previously soluble protein insoluble around 
its isoelectric point. The second step in coagulation is the precipita- 
tion of the insoluble denatured protein. Denatured protein although 
insoluble around its isoelectric point is soluble in acid or alkali. If, 
therefore, a protein is denatured in a nearly isoelectric solution, a 
visible precipitate results. But if a protein is denatured in acid or 
alkaline solution, no visible change results, until the solution is made 
isoelectric— when the protein is precipitated. The second step in 
coagulation, the flocculation of the insoluble protein, is, as has long 
been known, reversible, since the flocculated protein may readily be 
redissolved. The first step in coagulation, denaturation, has hitherto 
not been reversed. When a solution of the coagulum in acid or alkali 
is brought to the isoelectric point of the protein, the protein is 
again precipitated; it is still denatured. Denaturation, therefore, 
is the important process in the investigation of the reversibility 
of coagulation. 

Denaturation is not a general disintegration of the native protein. 
Did denaturation involve general disintegration reversibility would 
be impossible. The theory that denatured protein is an indefinite, 
early breakdown product of native protein is made plausible by the 
fact that heat, acids, alkalies and some of the other agents that 
bring about denaturation also cause a general disintegration. Heat, 
for instance, splits off nitrogen. Sorensen (12), however, has deci- 
sively shown that this splitting off of nitrogen is incidental rather 
than essential to denaturation. Similarly, we have found that alkali 
denatures a protein thereby rendering it insoluble in water, but that 
this same alkali gradually alters the denatured protein so that it 
becomes more soluble in water. It will be shown in a future paper 
that a protein solution made more viscous by alkali denaturation is 
(after denaturation is completed) gradually made less viscous by the 
alkali. These secondary effects of the denaturing agents should be 
clearly distinguished from the denaturation itself. 

* It has not yet been proven that the various forms of denaturation result in 
identical changes in the protein. 
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/. The Preparation of Completely Coagulated SemogloUn 

It must be shown that the denatured hemoglobin used in our 
experiments on the reversibility of coagulation is completely dena- 
tured, that it contains no significant impurity of unmodified native 
protein. The ultimate test for complete denaturation is by definition 
complete insolubility at the isoelectric point. The possibility must 
be considered, however, that completely predpitated protein may be 
only apparently completely insoluble, for it is conceivable that dena- 
tured protein when precipitated carries down soluble native protein. 
Experimentally, however, at least under such conditions as render it 
possible to have a known mixture of native and denatured proteins, 
the predpitation of the denatured protein does not result in the 
removal from solution of any native protein. Furthermore, in the 
case of heat denaturation the kinetics of the reaction make it improb- 
able that soluble protein is being carried down by the coagulated 
protein. In addition to solubility observations, there are two inde- 
pendent tests for complete denaturation. First, the same yield of 
soluble apparently native hemoglobin is obtained from hemoglobin 
denatured by heat at two different temperatures. This could hardly 
be true did the soluble hemoglobin come from any hypothetical residue 
of undenatured protein. Secondly, the denaturation of hemoglobin 
in urea solutions is accompanied by viscosity changes. When the 
viscosity ceases to change, the denaturation is probably complete. 

In the following preparations of denatured hemoglobin the protein 
has been denatured in four different ways, by heat, acid, heat together 
with acid, and urea. In all four cases the completeness of denatura- 
tion has been tested by solubility observations. Wherever possible, 
the independent tests have also been used. 

It is important to note that 30 per cent of the coagulated hemo- 
globin is finally obtained in the form of soluble, crystalline, apparently 
native hemoglobin. The existence of a trace of native hemoglobin 
in our preparations of coagulated protein would be insufficient to 
account for such a result. 

(i) Acid. The first experiment describes the test for complete 
insolubility. The evidence is then given that native protein is not 
carried down. 
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1.3 cc. of a 10.85 per cent solution of horse hemoglobin are warmed to 40°C. 
N 

To it are added 2 cc. -r HCl likewise at 40®C. and the two solutions arc thoroughly 
o 

mixed and kept at 40°C. for 3 minutes. The hemoglobin solution is now chocolate 

N 

brown instead of deep red. To this solution is added a rai.xturc of 3 cc. - NaOH 

o 

and 2 cc. ^ KH 2 P 04 warmed to dO^C. The pH is now about 6.8, close to the iso- 
o 

electric point of hemoglobin and in the region of minimum solubility of denatured 
hemoglobin. The flask is well shaken so as to facilitate subsequent filtration. 
The filtrate is clear and practically colorless. The nitrogen content of the filtrate 
is somewhat less than 0.05 mg. per cc., an amount that is just measurable. This 
experiment is carried out at 40°C. to facilitate filtration. WTien done at room 
temperature the filtrate is cloudy; at 40°C. it is clea.r. 40°C. is far below the 
coagulation temperature of hemoglobin in water, which is between 70° and 80°C. 

To see whether native hemoglobin is carried down by denatured 
protein, the denatured protein is precipitated from a known mixture 
of native and denatured hemoglobin and the native protein estimated 
in the filtrate. The known mixture is prepared by adding a known 
amount of native hemoglobin to a known amount of denatured protein 
dissolved in acid. The pH and temperature must be such that the 
native protein is not denatured during the time of the experiment. 
Under these conditions no evidence of carrying down of native protein 
has been found. What would happen under conditions under whicli 
rapid denaturation takes place is not open to direct e-xperiment. 

N 

To 10 cc, of the 10,85 per cent hemoglobin solution are added 20 cc, - HCl 

N 

and the mixture allowed to stand for 3 minutes. 20 cc. — NaOH are added. The 

o 

suspension is centrifuged, the supernatant fluid rejected, and water added. It 
is shaken and centrifuged again. To the suspension of denatured hemoglobin 

3 cc. — HCl are added. This dissolves most of the protein. The suspension is 
5 

centrifuged to remove the undissolved portion. The volume of solution is now 
about 10 cc. and contains about 4.2 per cent protein. O.S cc. of 13,8 per cent of 

carbon monoxide hemoglobin is mixed with 4 cc. ^ KH 2 PO .1 and warmed to 40'^C. 

o 

Carbon monoxide hemoglobin is used in this experiment because it is more stable 
in acid than is either methemoglobin or ox}^hemogIobin. This HbCO solution 
is added to 2 cc. of the solution of denatured hemoglobin in HCL Immediately 
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afterward 2.6 cc. - NaOH warmed to 40®C. are added. The mixture is well 

shaken and then centrifuged. The supernatant fluid has the color of HbCO and 
its concentration can be estimated colorimetrically. Within the error of the 
experiment (about 3 per cent) all of the HbCO added is recovered, that is to say, 
no native protein is brought down by the coagulura. 

It is conceivable that methemoglobin or free native globin might 
behave differently from HbCO, so experiments have also been done 
with these proteins. 

A solution of horse methemoglobin is prepared by adding potassium ferricyanide 
to an oxyhemoglobin solution imtU the absorption bands of oxyhemoglobin can 
no longer be seen. This solution is dialyzed against distilled water to free it 
from ferricyanide. After dialysis the protein concentration is 12 per cent and the 
specific conductivity is 1 .4 X 10 reciprocal ohms. The methemoglobin is diluted 

to 5 per cent with distilled water. To 5 cc. methemoglobin are added 1 cc. ^ 

HCl and 0.5 cc. - NaCl. The solution is heated in boiling water for 3i minutes 
2 

and then cooled at 0°C. It is added to 5 cc. j phosphate buffer (at 0®C.) of 

pH 6.8. The mixture is filtered and to the hazy filtrate half its volume of satu- 
rated (NH 4 ) 2 S 04 is added. This mixture is filtered, and the filtrate is now clear. 
This nearly colorless filtrate contains less than 1 per cent of the protein present 
before coagulation. The rest of the protein has been apparently coagulated. To 
see whether any methemoglobin is carried down by the coagulum the experiment 
is repeated but just before adding the buffer 1 cc. of 5 per cent methemoglobin 
is added. The final filtrate is now colored and its color is compared with that of a 
standard containing 1 cc. of 5 per cent methemoglobin and 17.25 cc. of the nearly 
colorless ffltrate from the original coagulum. These two solutions are indistin- 
guishable colorimetrically, indicating that no native protein is carried down by 
the coagulum. 

If, instead, of precipitating the denatured protein at its isoelectric 
point, it is precipitated from acid solution by ammonium sulfate it 
can be shown that no native protein is carried down by the coagulum. 
All of these experiments can be done, using slightly different quanti- 
ties, with oxy hemoglobin. They can also be done using so-called 
native globin and denatured globin or hemoglobin. The result is 

always the same. ^ ' 

(2) BeaL When the coagulum is obtained simply by heating the 
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native protein, the filtrate contains practically no nitrogen. The 
record of an experiment is as follows: 

To 7 cc. of a 10.85 per cent hemoglobin solution arc added 10 cc. of water. 
The solution (in a test tube) is plunged into boiling water for 3^ minutes and then 
cooled in cold water. To the coagulum 6 cc. of a pH 6.8 phosphate buffer are 
added and mixed thoroughly with the protein. The suspension is filtered and the 
nitrogen content of the filtrate estimated by a micro-KjcIdahl method. Each 
cc. contains 0.065 mg. of nitrogen. If this were due to hemoglobin it would 
represent a solution of only about 0.035 per cent. This is negligible compared 
with the amount of soluble protein obtained from the coagulum. 

In heat coagulation there is additional evidence that the coagulum 
contains no native protein and that the soluble protein does not come 
from such an impurity in the coagulum. Heat denaturation follows 
the course of a unimolecular reaction at all temperatures at which it 
can be measured (5). In experiments on the kinetics of tliis reaction 
the concentration of the reactant, native hemoglobin, is measured by 
filtering off the coagulum at any given time and estimating the hemo- 
globin concentration in the filtrate. To harmontee these facts with 
the assumption that native protein is carried down one must further 
assume that every molecule of denatured protein carried down a 
given and constant number of molecules of native protein. 

(3) Heat in Acid Sohition. The completeness of denaturation in 
this case can be tested not only by the observation of complete insolu- 
bility but also by a comparison of the yields of soluble protein obtained 
from hemoglobin denatured at two different temperatures. The 
denaturation of hemoglobin has a high temperature coefficient. If 
hemoglobin heated for 3? minutes at S0°C. still contains some unde- 
natured protein, then hemoglobin heated at 100°C. should contain at 
least a hundred times less. Did the soluble, apparently native hemo- 
globin obtained from the heat denatured hemoglobin come from unde- 
natured protein, then one would expect to get much less of this soluble 
protein from the hemoglobin heated at 100°C. than from the hemo- 
globin heated at 80°C. Actually, as will be shown in the following 
paper, the yield is the same, about 30 per cent in both cases. 

The preparation of the coagulated protein is carried out as follows: 

To 5 cc. of a 14 per cent hemoglobin solution are added 7.25 cc. HsO and 4.75 

cc. ^ HCl (just enough to keep the denatured hemoglobin in solution). The 

0 
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solution is heated at 80®C. for 3i minutes, and while still hot a mixture o! 5 cc. 
U N 

— KHjPO^ and 7.25 cc. ~ NaOH is added to it and mixed at 80®C. The filtrate 

from this coagulum is clear and colorless. When it is heated to over 90°C, it 
shows practically no opalescence, indicating that coagulation is complete. Simi- 
larly the hemoglobin heated at 100®C. is completely precipitated on neutralization. 

{4) Urea. We find that concentrated solutions of urea denature 
proteins and keep the denatured proteins in solution. If hemoglobin 
is allowed to stand in urea solution, then on removal of the urea by 
dialysis or on dilution of the solution the protein precipitates com- 
pletely. Furthermore, as will be shown in a later paper, denaturation 
by urea can be followed by viscosity measurements. As denaturation 
.proceeds, the solution becomes more viscous. Finally, when all the 
protein has been converted into a form which is insoluble in water 
when the urea is removed, the viscosity remains constant at a high 
level. Were denaturation as tested for by solubility incomplete one 
would expect a further change of viscosity with time. 

The urea coagulum is prepared as follows: 

200 grams of urea are dissolved in 250 cc, of a 14 pet cent hemoglobin solution 
and allowed to stand for 48 hours at room temperature. The solution is added 
slowly and with stirring to about 4 liters of water. A fiocculent precipitate 
appears. This is thoroughly washed with water by decantation. The coagulum is 
concentrated by centrifuging at low speed. 

IT. Bemoglobin as a Typical Coagulahlc Prolein 

In order that experiments with completely denatured hemoglobin 
may be of general significance in the study of coagulation it must be 
made clear that what we have called the denaturation of hemoglobin 
is the counterpart of the denaturation of other proteins, not a peculi- 
arity of hemoglobin. We shall accordingly show in detail that all 
the procedures such as heating which convert egg albumin into an 
insoluble denatured form likewise convert hemoglobin into an insoluble 
form, and that the insoluble hemoglobin has besides insolubility in 
water the other characteristics of denatured protein. In making this 
comparison it has been necessary in some cases to provide the data 
for hemoglobin. On the other hand, where experiments on the dena- 
turation of hemoglobin have led to the discovery of new phenomena, . 
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these same phenomena have been found to exist in the denaturation 
of other proteins. 

Hitherto in the investigation of some hemoglobin derivatives atten- 
tion has been focussed on the non-protein part of .the molecule and 
the protein part has been ignored. In such studies a denatured form 
of hemoglobin has been almost unknown. We now know (2) however, 
that the preparation of some hemoglobin derivatives, such as hemo- 
chromogen, involves the denaturation of the protein. 

(1) Heat. Hemoglobin like egg albumin can be coagulated by 
heat. In both cases the denaturation proceeds as a monomolecular 
reaction with the striking and characteristic temperature coefhcient 
of over 600 for 10° (9). The rate of most chemical reactions is 
increased from 2 to 4 times for a rise in temperature of 10°. 

At first sight it might seem that the temperature coefficient of the 
denaturation of hemoglobin is different from that of other proteins, 
for although the coefficient for methemoglobin is over 600, for oxy- 
hemoglobin it is only 13.8 and for carbon monoxide hemoglobin 5.2 
(9). But when oxy or carbon monoxide hemoglobin is heated two 
entirely different reactions take place, the hemoglobin is converted 
into methemoglobin (that is, the iron atoms of the native protein are 
oxidized) and the protein is denatured. In order, therefore, to study 
heat denaturation alone apart from methemoglobin formation, it is 
necessary to start with methemoglobin. 

Both dry hemoglobin and dry egg albumin can be heated to 100° 
without the protein losing its solubility in water. 

(2) Acid and Alkali. If acid or alkali is added to either hemoglobin 
or egg albumin and the solution is subsequently brought to the iso- 
electric point of the protein, the protein is precipitated. Acid and 
alkali thus denature both hemoglobin and egg albumin. 

(J) Alcohol coagulates both hemoglobin and egg albumin. 

(4) Ultra-violet light coagulates both hemoglobin and egg albu- 
min (8). 

(5) Shaking. It is known (11) that egg albumin can be completely 
coagulated by shaking. We have found that the same holds true for 
hemoglobin.* As in the case of heat coagulation, it is desirable to 
start the experiments with methemoglobin. 

* Since this section was written Wu and Ling ( 16 ) have published an account 
of the coagulation of hemoglobin by shaking. 
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K a solution of methemoglobin (protected from bacterial, reduction 
by a little toluol) is shaken, coagulated hemoglobin gradually appears. 
If more toluol is added and an emulsion with a large surface is formed, 
much more protein is coagulated. For example, a 10 per cent solution 
of salt-free methemoglobin is shaken for 16 hours mth an equal 
volume of toluol. All the hemoglobin is coagulated. The super- 
natant fluid after centrifugation of the precipitate is dear and color- 
less. As a control experiment a similar methemoglobin solution 
containing only enough toluol to saturate the solution is allowed to 
stand 16 hours. Very little coagulum is formed. This makes it 
improbable that toluol itself coagulates hemoglobin. 

On long standing methemoglobin gradually coagulates, as egg albu- 
min does, even without shaking. It appeare then that both hemo- 
globin and egg albumin coagulate at surfaces and that shaking merely 
accentuates this property. 

(6) Thiocyanate, Iodide, and Salicylate, We have found that dilute 
solutions of these salts denature hemoglobin. Von Fiirth (6) found 
that 5 per cent solutions of the same salts coagulate myogen. So 
thiocyanate, iodide, and salicylate probably denature proteins 
in general. 

The experiments are carried out as follows: 

1/10 cc. of salt-free methemoglobin (about a 10 per cent solution) is added to 
5 cc. of a solution containing FJ, K.CNS or Na salicylate. The salts are present 
in a concentration of 0.6 M. In one series these salts are in an acetate solution 
buffered at pH 5.2 and in another series they are in a borate solution of pH 9.2. 
The add tubes all contain precipitates after 12 hours, A pigment in the alkaline 
tubes is still in solution and no precipitate is detectable. 

A similarity between this method of denaturation and others may 
be tested when the alkaline solution containing any one of these three 
salts is reduced with sodium hydrosulfite; it then has the absorption 
spectrum of hemochromogen, the substance formed when methemo- 
globin is reduced and denatured — whether by heat, adds, alkalies, 
alcohol, ultra-violet light or shaking. It is therefore probable that 
methemoglobin solutions at pH 9.2 are also denatured by the KI, 
KCNS, and Na salicylate. 

These solutions (without addiUon of sodium hydrosulflte) are now 
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placed in collodion tubes and dialyzed against distilled water as the 
outer liquid. As dialysis proceeds, a brown precipitate appears in 
the collodion tubes. This precipitate has the same properties as the 
coagulum formed from methemoglobin by the action of the various 
agents we have studied. We therefore conclude that methemoglobin 
has been denatured by 0.6 M solutions of these salts.* 

(7) Urea. As described in the first part of this paper, concentrated 
urea solutions denature hemoglobin and keep denatured hemoglobin 
in solution. When the urea solution is diluted^ the protein precipitates 
completely and can be washed free of urea. Apart from the precipita- 
tion of the protein on dilution of the urea, there is spectroscopic 
evidence that the hemoglobin has been denatured. If the reducer, 
Na 2 S 204 , is added, the spectrum of hemochromogen, that is denatured 
hemoglobin, can be observed. 

We find that urea has the same effect on egg and serum albumin 
that it has on hemoglobin. A concentrated urea solution is added to 
some egg albumin and the solution is allowed to stand for a day. 
When a few drops are added to about 15 cc. of water buffered at a pH 
of 4.7 (isoelectric point of egg albumin) a voluminous protein precipi- 
tate occurs. The protein redissolves when urea crystals are dissolved 
in the water. Apparently urea can denature egg albumin and likewise 
dissolve the denatured protein. 

If the same experiment (with urea) is repeated with serum albumin 
it is found that no precipitate appears when several times as much- 
water is added as in the preceding experiment. The solution is placed 
in a coUodion tube and dialyzed overnight against running distilled 
water. Next morning the protein is found precipitated at the bottom 
of the tube. It would seem as if urea denatures serum albumin and 
also dissolves denatured serum albumin, but a less concentrated urea 
solution is needed to prevent the precipitation of denatured serum 
albumin than is needed in the case of denatured hemoglobin or 
egg albumin. 

It has been shown that heat, acid, alkali, alcohol, ultra-violet light, 
KCNS, KI, Na salicylate and urea all convert hemoglobin as they 
do egg albumin into an insoluble form, and that the kinetics of dena- 

* Other experiments show that much more dilute solutions of these salts suffice 
to denature hemoglobin. 
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turation is the same in the cases of hemoglobin and egg albumin. In 
order to complete the evidence that hemoglobin is a typical coagulable 
protein, it remains to show that the insoluble protein formed from 
hemoglobin by heat, etc., has in addition to insolubility in water all 
the other characteristic properties of denatured protein. 

(Jf) Solubility. Both denatured hemoglobin and denatured egg 
albumin after being precipitated at their isoelectric points can be 
dissolved again in acid or alkali. Even at its isoelectric point dena- 
tured hemoglobin can be dissolved not only in concentrated urea 
solution, as has already been pointed out, but also in concentrated 
solutions of KCNS, KI, and Na salicylate. A urea solution not 
concentrated enough to dissolve isoelectric coagulated hemoglobin, 
may still suffice to dissolve the coagulum if the solution is slightly acid 
or alkaline, so slightly add or alkaline that without the urea, very 
little of the protein would dissolve. Denatured egg and serum albu- 
mins are likewise soluble in solutions of urea and of the salts mentioned. 
As Spiro (14) noticed, serum albumin can be heated in saturated urea 
solution without any visible precipitate being formed. 

(2) Viscosity. We have found that when either hemoglobin or egg 
albumin is denatured there is an increase in viscosity characteristic 
of denaturation. This change is of a greater order of magnitude than 
the changes associated with the ionization of the soluble proteins, 
which are the concern of most investigation of the viscosity of protein 
solutions. Our experiments on the viscosity of solutions of denatured 
proteins wll be published in a separate paper. 

(3) Species Specificity. When proteins are denatured, their spedes 
specificity, as determined immunologically, is decreased. No similar 
immunological experiments have been done with denatured hemo- 
globins. But, as we have shown in previous papers (1, 2) it is impos- 
sible to distinguish the various denatured hemoglobins by spectro- 
scopic or gas affinity measurements, although by these same methods 
it is easy to distinguish native hemoglobins of even the most dosely 
related spedes. 

SUIQIARY 

As a preliminary to the study of the reversal of the coagulation of 
hemoglobin several methods are described for the preparation-of 
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completely denatured and coagulated hemoglobin and the evidence 
is given that hemoglobin is a typical coagulable protein. 
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The coagulation of hemoglobin takes place in two steps (7, 5, 6). 
The first step is denaturation, a chemical change in the protein which 
makes it insoluble around its isoelectric point. The second step is 
merely the precipitation of the insoluble denatured protein. It has 
hitherto been believed that denaturation is irreversible. 

The preceding paper (4) has already described the preparation of 
completely coagulated hemoglobin and has given the evidence that the 
denaturation and coagulation of hemoglobin are in all known respects 
like the denaturation and coagulation of other proteins such as egg 
albumin. The first part of this paper describes the preparation from 
completely coagulated hemoglobin of soluble, apparently native hemo- 
globin. The second part gives the evidence that this soluble protein 
is the same as the original native hemoglobin which had never been 
modified. From these experiments the conclusion is drawn that the 
coagulation of hemoglobin is reversible. Since hemoglobin is a typical 
coagulable protein, if the coagulation of hemoglobin is reversible then 
the coagulation of proteins in general is probably reversible. Tlie 
coagulation of other proteins, in particular globin and the tissue pro- 
tdns, and the biological significance of coagulation will be discussed 
in later papers. 

Part /. The Preparation of Soluhlc Bcmoglohin from Coagulated 
Bcmoglobin 

If an add or alkaline solution of completely coagulated hemoglobin 
is neutralized all the protein is predpitated. If, however, before com- 
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plete neutralization the solution of denatured hemoglobin is allowed 
to stand in slightly alkaline solution under conditions to be described, 
then on complete neutralization only a part of the protein is pre- 
cipitated. The remaining soluble part is the apparently, reversed 
hemoglobin. How much of this soluble apparently reversed hemo- 
globin is obtained depends, other factors being constant, on the state 
of the prosthetic group, heme, and on the species of the hemoglobin. 

In the case of the ox hemoglobin, if the heme is in the oxidized 
■ state, very little soluble hemoglobin is obtained from the coagulum. 
If a little of the reducer, sodium hydrosulfite, is added, much more is 
obtained. And if cyanide is added still more is obtained. 

In the case of horse hemoglobin, practically no soluble protein is 
obtained from the coagulum whether the heme is either oxidized or 
reduced. When cyanide is used, however, about 30 per cent of the 
denatured protein yields soluble crystalline apparently native horse 
hemoglobin. Because it can be crystallized most of the e.xperiments 
have been done with horse hemoglobin. 

The results with ox hemoglobin show that cyanide is not essential 
for the apparent reversal of coagulation. And even though cyanide 
appears to be necessary for an adequate yield with horse hemoglobin, 
neither the initial soluble nor the final soluble product is combined 
with cyanide. So the question of the function of the cyanide is sepa- 
rate from the question of whether denaturation is reversible. 

The experiments with horse hemoglobin show clearly that the mere 
fact that denaturation cannot be reversed under a given set of condi- 
tions does not mean that denaturation cannot be apparently reversed 
under other more suitable conditions. 

It is to be expected that the state of the prosthetic group and the 
species of the hemoglobin should influence the ease of the apparent 
reversal of denaturation because these same factors are known to 
influence the ease of denaturation itself. Some hemoglobins are more 
readily denatured than others and methemoglobin is more readily 
denatured than oxy or carbon monoxide hemoglobin. That the heme 
part of the hemoglobin molecule should modify its protein properties 
is not surprising. We have already shown (2) that the globin part of 
the molecule modifies greatly the properties of the non-protein heme 
part, in particular its reactions with oxygen. 
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The mechanism of the effect on apparent reversal of the reducer, 
Na 2 S 204 and of cyanide is not yet understood. It is not even certain 
that Na 2 S 204 and CN act solely on the non-protein part of hemoglobin. 
It might be desirable, nevertheless, to recall the reactions of cyanide 
with the various hemoglobin derivatives. Cyanide combines with 
both oxidized and reduced heme when the heme is joined to denatured 
globin but only with oxidized heme when the heme is joined to native 
globin. In other words, cyanide combines with hematin, hemochro- 
mogen and methemoglobin but not with oxy, carbon monoxide or 
reduced hemoglobin. 

One step in the procedure for obtaining apparently reversed horse 
hemoglobin consists in dissolving tlie coagulated protein in a slightly 
alkaline solution containing cyanide. It is desirable to buffer the 
solution in order to protect the protein which is sensitive to alkali. 
The dissociation constant of hydrocyanic acid is 72 X 10-^°, about tlie 
same as that of boric add. Mixtures of NaCN and HCI may accord- 
ingly be used as buffers in the region around pH 9.14, Cyanide, then, 
is used in these experiments for two entirely different purposes, to 
facilitate apparent reversal by reacting with denatured hemoglobin 
and as part of a buffer mixture to maintain a suitable hydrogen ion 
concentration. 

Technique for Apparent Reversal of Coagulation 

Beat Coagulated Ox Bemoglohin. A hemoglobin solution is prepared from ox 
blood by laking the washed corpuscles with ether. To 1 cc. of the hemoglobin 

solution are added 8 cc. of water and 1 cc. HCI; the solution is then heated at 

M 

80®C. for minutes. While at 80®C. a mixture of 3 cc. KH 2 PO 4 and 21 cc. 

I NaOH is added so as to bring the pH to 6.8. The suspension is cooled and then 

filtered- The filtrate is clear and colorless. When boiled it turns only faintly 
opalescent indicating that practically all the hemoglobin has been coagulated. 

In order to obtain the apparent reversal of coagulation the denaturation ex- 
periment is repeated but instead of adding the phosphate buffer the solution is 

allowed to cool and 10 cc. of NaOH are added making it faintly alkaline. A 

little Na2S204 is added and the mixture allowed to stand for 2 to 3 minutes. With 
a spectroscope the absorption bands of both hemochromogen and reduced hemo- 
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globin are visible. The suspension is filtered and the filtrate gently shaken in 
the air to oxygenate. The absorption bands of the soluble, apparently native 
Hb02 can be distinctly seen. If the heating is at the boiling point (20® higher) 
substantially the same result is obtained. The only difference is that now the 
absorption bands of the soluble oxyhemoglobin are a little fainter. If this soluble 
HbOj were merely some native protein that had not been coagulated, hundreds 
of times as much HbOs would be obtained from the solution heated at 80®C. as 
from that at 100®C. 

In the case of horse hemoglobin the denatured protein is first dissolved in acid. 
Alkali causes secondary clianges in the protein beyond mere denaturation. The 
acid solution is brought to about pH 9 or slightly more aiiialinc with a KCN-HCI 
buffer. The solution is then neutralized and the resulting precipitate filtered off. 
The filtrate is saturated with CO and reduced with Na2S204, Finally ammonium 
sulfate is added. The amorphous precipitate first found settles to the bottom. 
The pigment in the clear supernatant fluid gradually separates out completely in 
the form of crystalline apparently native carbon monoxide hemoglobin. Carbon 
monoxide is used because carbon monoxide hemoglobin is more stable than 
oxyhemoglobin. Oxyhemoglobin together with methemoglobin is obtained if 
the carbon monoxide is not used and the reducer is oxidized. 

The cyanide buffer solution is made by adding lo 1 gm, of KCN dissolved in 
N 

4.16 cc. water 23.13 ^ HCL The solution is blue to thymol blue. 

Preparation oj Red corpuscles washed four times with isotonic 

salt solution are shaken up with an equal volume of water and a fifth the total 
volume of toluol (8). After the solution has stood overnight in the cold, the 
toluol and stromata are removed by filtration or centrifugation. 

Heal Coasnlafcd Horse Hcmoglobhu A tube containing 7 cc. of 10.85 per cent 
of horse hemoglobin and 10 cc. of water is placed in boiling water for SJ minutes. 
The temperature rises to 80®C. in about half a minute and then gradually goes 
up to a little over 90®C. The contents are not agitated, thus facilitating sub- 
sequent solution of the coagulum. The tube is placed in cold water for a few 

N . . 

minutes. 4 cc. g HCl are poured in (down the side of the tube) without stirring. 

The contents of the tube are mixed gently as the coagulum dissolves and then 

N 

poured into a 50 cc. flask. 4 cc. NaOH and 2.5 cc. of the cyanide buffer solution 

are mixed and added to the flask making its contents faintly alkaline. A brownish 
red precipitate is observed. The mixture is allowed to stand for 2 to 6 hours. 

M 

Most of the precipitate gradually redissolves. S cc. KH2PO4 arc added to 

bring the mixture nearer the neutral point, to a pH of about 7 to 7.4. A 
brownish red precipitate is deposited. The suspension is filtered or centri- 
fuged and a deep red solution obtained. Some carbon monoxide is bubbled 
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through this and immediately a knife point of solid Na2S204 is added to 
reduce the solution. The flask is stoppered, gently shaken and then allowed 
to stand in the dark for about a half hour. To the solution is added about one 
and one-half times its volume of saturated (NH4)2 SO*. The mixture is allowed 
to stand in the dark for 24 to 4S hours. A flocculent, amorphous precipitate 
gradually settles out and is discarded. The clear, supernatant fluid is poured into 
a fail vessel. Through this fluid a litfie carbon monoxide is bubbled. The vessel 
is stoppered and allowed to stand in the dark. In the course of a few days large 
crystals gradually appear on the walls and bottom of the flask. At the end of a 
month, if not before, practically all of the color has left the solution and there is a 
large deposit of crystals. There is practically no amorphous matter mixed with 
the crystals. Some of them are so large that their form can be observed with the 
unaided eye. They can be washed with a little of the (NH4)2S04 solution. These 
crystals constitute the soluble apparently reversed protein. 

Horse Hemoglohin Denatured hy Acid. 6.5 cc. of the 10.85 per cent horse hemo- 

N 

globin solution are mixed with 10 cc. ^ HCl and the mixture kept at 40°C. for 3 

minutes. After cooling a mixture of 2.5 cc. of the cyanide solution used above 

N 

to dissolve the heat coagulum and 10 cc. ^ NaOH are added to the denatured 

hemoglobin. From this point the procedure is exactly the same as that described 
above. In some of our experiments before obtaining an alkaline solution of 
denatured protein the acid solution was carefully neutralized, so that the denatured 
protein precipitated. This precipitate was thoroughly washed with distilled 
water not only until the washings were colorless, but even until they gave no test 
for chloride. The precipitate was then dissolved in alkali. 

Borse Bemoglobin Denatured in Add at Two Different Temperatures s 
The same yield of apparently reversed hemoglohin is obtained whether 
the protein is heated in acid at 80° C. or 100°C. The rate of denatura^ 
tion of oxyhemoglobin is more than a hundred times faster at the 
higher than at the lower temperature. Did the soluble protein come 
from protein which had never been denatured then one ought to get 
much less soluble protein from the protein heated to 100°C. than from 
the protein heated to 80°C. Since the same yield is obtained in both 
cases the final soluble protein is probably not merely native protein 
which had never been denatured. Just enough acid is used to prevent 
visible precipitation. Boiling a neutral suspension of coagulated 
hemoglobin causes the protein to form hard clumps which are hard to 
dissolve. If the acid is neutralized immediately after the heating all 
the protein precipitates indicating complete denaturation. 
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To 5 cc. of 13.8 per cent hemoglobin are added 7.25 cc. water and 4.75 cc. 
N 

HCl. The solution is heated for 3| minutes. After cooling, a mixture of 
N 

4.75 ^ NaOH and 2.5 cc. cyanide bufTer is added. The rest of the procedure 
is as already described. 

Hemoglobin Denatured by Urea. About 15 cc. of the suspension of protein 
denatured by urea prepared as described in the preceding paper are dissolved by 
. . N 

the addition of 4 cc. ^ HCl, and the procedure is then completed in the usual 

manner. The crystals obtained arc less perfect than those obtained in the other 
cases, and the yield is smaller. 

The Yield: The yield in the experiments described in this paper was 
determined colorimetrically, using carbon monoxide hemoglobin in 
ammonium sulfate solution as a standard. The solutions were taken 
for estimation after the addition of ammonium sulfate, after the sepa- 
ration of the amorphous precipitate, but before the separation of 
crystals. A part of the solution was always kept to make sure that all 
the pigment would eventually separate out in crystalline form. The 
solutions contained no pigment other than carbon monoxide hemo- 
globin which could be detected spectroscopically and they matched 
in color the standard solutions. 

In the case of the horse hemoglobin denatured by heating, by acid 
or by heating in acid, the yield of apparently native carbon monoxide 
hemoglobin is about 30 per cent of the total original hemoglobin. 
Some of the remaining 70 per cent was of course lost in purely me- 
chanical ways. 

We are now investigating the factors influencing the yield and the 
yields obtained when one starts with the “reversed” and the “non- 
reversed” fractions. 

Part II. Comparison of Apparently Reversed and Native Horse 
, Hemoglohm ' 

The chemical changes in the apparent reversal of denaturation and 
coagulation are as obscure as the changes in denaturation itself. In 
order, however, to prove the possibility of reversal it is not essential 
to investigate or understand the mechanism of any intermediate 
reactions. It is necessary to examine only the initial and final prod- 
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ucts, to show that one starts with coagulated protein and that one 
finally obtains from it native protein. 

The preceding paper has given the evidence that the initial product 
was completely denatured. It remains to examine whether the soluble 
apparently reversed horse hemoglobin finally obtained from com- 
pletely coagulated horse hemoglobin has not only all the general 
characteristics of native hemoglobin but quantitatively the precise 
properties of native horse hemoglobin. The apparently reversed and 
the original native proteins have accordingly been compared quali- 
tatively in respect to solubility d and quantitatively in respect to 
coagulation, crystal form, color, spectrum, reactions with oxygen and 
carbon monoxide, and species specificity. No differences have been 
found. 

The advantages of using hemoglobin, a conjugated protein, are now 
apparent, for due to the union of protein to the iron-pyrrol complex, 
the molecule possesses in addition to all the ordinary protein proper- 
ties, others open to exact measurement that simple proteins do not 
possess. Since practically all of the properties of the iron-pyrrol 
complex in hemoglobin arc affected by the state of the globin, changes 
in the protein are reflected in the clearly defined behavior of the non- 
protein part of the molecule. 

It is possible that there are differences between the apparently re- 
versed and the original native proteins which have not been detected. 
A deeper knowledge than we now possess of denatu ration and reactions 
resulting in apparent reversal may make such differences significant. 
For the present, however, the most reasonable conclusion from the 
experiments described in this paper is that the denaturation and coagu- 
lation of hemoglobin, and hence probably of the other coagulable 
proteins, are indeed reversible. 

The Crystals, A denatured protein has never been crystallized, but 
the soluble hemoglobin obtained from coagulated hemoglobin is 
readily crystallizable. In the present experiments the protein is 
crystallized by salting out slowly with {NH4)2SO^. The less concen- 
trated the hemoglobin solution the more salt is needed; on the other 
hand, the less salt used the slower the crystallization, and consequently 

* Quantitative solubility measurements are now being carried out. 
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the larger and more perfectly formed the crystals. The salt concen- 
tration suitable for crystallizing apparently reversed protein is the same 
as for crystallizing native carbon monoxide hemoglobin from a protein 
solution of the same concentration. The crystals obtained (Fig. 1) 
are of the same crystal form and habit as the crystals of native horse 
HbCO. Most of the further examination of the apparently reversed 
protein is of a solution of these crystals. 



Fro. 1 <j and b. (a) cr3'stals of carbon monoxide liemoglobin; (/>) crystals of 
“reversed” carbon mono.xidc hemoglobin. 

Since the apparently reversed hemoglobin can be crystallized and by 
a procedure not described in this paper crystallized completely in a few 
minutes, the apparently reversed hemoglobin is a definite pure sub- 
stance and not merely a vague disintegration product of denatured 
hemoglobin. 

Solubility. Denatured hemoglobin is practically insoluble in water 
at its isoelect ric point, about pH 6.8. It does not even color the water. 
The crystals, however, are readily soluble in a pH 6.8 phosphate buffer. 
A deep red solution containing 5 per cent of apparently native HbCO 
is easily prepared. 
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Coagulalwn. The solution of apparently reversed protein can be 
•coagulated by heat. The temperature of coagulation is a highly char- 
acteristic constant of a protein. It is, however, affected by salt. If 
apparently -reversed protein dissolved in a (NH*)jSOi solution is com- 
pared with a solution of native HbCO of the same concentration in 
the same salt solution by placing the tubes containing them side by 
side in boiling water, coagulation occurs at the same instant in both 
solutions. The temperature of coagulation of the apparently re- 
versed protein is therefore the same as that of the native protein from 
W’hicli it is prepared. The apparently reversed protein can be dena- 
tured by acid, alkali, etc. 

Color. The color of the apparently reversed protein matches that 
of ordinary horse HbCO, when they arc compared in the colorimeter. 
It has already been stated that when (NH 4 ) 2 S 04 is added to the solu- 
tion of apparently reversed protein an amorphous predpitate settles 
out before crystallization occurs. This precipitate is discarded. If, 
however, the color of the solution is examined before the removal of 
this substance, the color is distinctly different from that of uncoagu- 
lated protein, showing that with the colorimeter it is possible to detect 
a small amount of foreign pigment. The apparent coagulation 
temperature of this unpurified preparation may be more than 20^^ 
lower than that of original native protein. 

Absorption Bands. The absorption spectrum of the apparently 
reversed protein is indistinguishable from that of native hemoglobin. 
With the Hartridgc reversion spectroscope the positions of the ab- 
sorption bands can be measured to about 2 A. u., but we have been 
unable to detect any difference in the patterns of the absorption 
spectra or the positions of the absorption bands of the HbOj, HbCO, 
mcthemoglobin, or sul (hemoglobin obtained from the apparently 
reversed and the original native protein. 

Combination with Oxyf’cn. Denatured hemoglobin docs not form 
that loose combination with oxygen so characteristic of hemoglobin. 
The apparently reversed hemoglobin combines loosely with oxygen 
and can be oxygenated and reduced repeatedly. 

Gas AjfinUics. Hemoglobin combines loosely with both oxygen and 
carbon monoxide. If hemoglobin is exposed to a mixture of the two 
gases at equilibrium, part of the pigment is combined with .oxveen 
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and part witli carbon monoxide. The reaction obeys the mass law 
equation. 

[IlbCO] [0;] 

[IIbO:l (CO) "" 

K, the equilibrium constant, is a measure of the relative affinities of 
hemoglobin for the two gases and is different for each species of hemo- 
globin. Barcroft, Oinuma and the writers (1) showed that K can be 
predicted from purely spectroscopic measurements, being a function 
of the number of Angstrom units separating the a bands of oxy and 
carbon mono.xide hemoglobins. Since these bands are in tlie same 
positions in the apparently reversed hemoglobin as in ordinary native 
hemoglobin, one would expect the K’s to be the same in both cases, 
too. This we have found to be the fact.- The technique has already 
been described (1). To make sure that equilibrium was readied, the 
equilibrium was approached from both sides. 

In developing the method for determining K it was found possible 
to estimate the relative quantities of HbO; and libCO in a mixture of 
both by measuring the position of the a absorption band of the mix- 
ture. The position of this band is a function of the composition of the 
mixture. This function is exactly the same for Hb02 and HbCO of 
apparently reversed hemoglobin as it is for original hemoglobin. In 
one more way, therefore, the spectroscopic properties of apparently 
reversed hemoglobin are quantitatively the same as those of native 
hemoglobin. 

Species Char aclcri sties. By means of crystal form and by spectro- 
scopic and gas affinity measurements (1) the hemoglobins of different 
species are easily distinguished. The soluble, apparently native hemo- 
globin prepared from coagulated horse hemoglobin even by tliese 
sensitive tests cannot be distinguished not only from native hemo- 
globin in general but from native horse hemoglobin in particular. 
This is especially interesting because, as we have already shown (2, 3) 
denatured hemoglobins of various species cannot be distinguished from ^ 
each other by spectroscopic or gas affinity measurements. After 
apparent reversal of coagulation the species characteristics once more 
become observable. 

^ This experiment was performed only once, though in duplicate, so a repetition 
would be desirable. 
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SUMMARY 

1. The preparation from completely coagulated hemoglobin of 
crystalline soluble hemoglobin is described. 

2. This' soluble hemoglobin by all the tests tried has been indis- 
tinguishable from normal native hemoglobin which has never been 
coagulated. 

3. The coagulation of hemoglobin is probably reversible. 

' 4. Since hemoglobin is a typical coagulable protein, protein coagu- 
lation in general is probably reversible. 
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THE PREPARATION OF RELATIVELY PURE 
BACTERIOPHAGE 
By a. P. KRUEGER and H. T. TAMADA 

{From the Department of Bacteriology and Exper{7ne7ital Pathologyf Stanford 
University, California) 

(Accepted for publication, June 29, 1929) 

Studies on the nature of the bacteriophage are usually carried out 
with lysates which contain, in addition to the lytic principle itself, 
the nutrient constituents of the broth and substances set free from the 
lysed bacteria. While such preparations are suitable for many types 
of investigation, there are certain problems, e.g., those dealing with 
the physical or chemical properties of the bacteriophage, which require 
the use of relatively pure phage. 

That the composition of the medium in which bacteriophage is 
suspended exerts considerable influence on the physical state of the 
lytic agent was brought out by recent work of the authors (1), who 
showed that purified bacteriophage free from bacterial proteins not 
only has a smaller particle size than non-purified phage but also will 
readily unite with proteins or protein derivatives to form the larger 
particles found in ordinary lysates. This point, that the lytic agent 
is commonly associated with colloidal aggregates has been repeatedly 
stressed by Bronfenbrenner (2) and it appears quite logical that 
physical-chemical experiments dealing with the phage itself should 
either be performed with purified bacteriophage free from the influence 
of a complex suspending medium such as nutrient broth, or else that 
the influence of the menstruum must be taken into account. 

Arnold and Weiss (3) devised a means of preparing bacteriophage 
free from bacterial proteins based upon the diffusion of lytic corpuscles 
from a lysogenic culture seeded on nutrient agatiinto a bottom layer 
of plain agar. Several extractions are made from the latter stratum- 
and one finally obtains a dear uncolored phage suspension which 
gives a slight positive reaction with the usual protein reagents. Tins 
may be further purified by predpi taring the small residual protein 
US 



146 PREPARATION OF RELATIVELY PURE BACTERIOPHAGE 

I 

fraction witli^ 14 per cent sodium sulfate. Such preparations are free 
from antigenic bacterial proteins as evidenced by their failure to pro- 
duce antibodies other than antilysins when injected into animals. 



Fig. 1. Apparatus for preparation of relatively pure bacteriophage. A, 
bacteriophage suspension. B, gel of 0.5 per cent purified agar and 0.2 per cent 
c. i>. NaCl in distilled water. C and glass bridges containing 3.0 per cent pure 
agar gel with 0.5 per cent c.p, NaCl, B, porcelain cup with crystals of CuCl 2 at 
bottom. Water to level of dotted line. Negative pole (Copper) of D.C. circuit 
dips into crystals. F, porcelain cup with cr^^stals of NaCl at bottom. Water to 
level of dotted line. Silver foil attached to positive pole of D.C, circuit dips 
into crystals. 

This procedure has the disadvantage, however, that during the 
numerous extractions required to remove the proteins much of the 
phage is removed as well and in our hands the method has not yielded 
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protein-free suspensions of high lytic titre. The most active prepara- 
tion we were able to make following Arnold and Weiss^ process was 
not effective beyond a dilution of 10-®* In addition the concentra- 
tion of sodium sulfate in the final product is objectionable for certain 
types of work. 

Investigations we had under way demanded the use of strongly 
lytic suspensions containing a minimum concentration of the other 
materials found in ordinary lysates. Since it is ^own that the 
bacteriophage carries a negative charge from pH 3.6 to pH 7.6 (Todd) 
(4) it seemed quite reasonable to attempt its concentration at the 
anode of some sort of cataphoresis apparatus, employing, if possible, 
a pH lower than the isoelectric ranges of the other constituents of 
the lysate in order to retain them at the cathode. After numerous 
experim^ents with various forms of apparatus the following procedure 
was developed and has proven entirely satisfactory. 

Method of Preparmg Relatively Pure Bacteriophage Suspensions 

Pure agar is prepared according to the method of Dominikiewicz (5). To a 
0.5 per cent suspension of the pure agar in distilled water 0.2 per cent c.f. NaCl 
is added and the mixture is sterilized by boiling or autoclaving. 

The apparatus is explained in the accompanying diagram and requires no special 
mention except to note that convenient dimensions for the tube are 15 cm. bj'^ 
2.5 cm. It is our practice to sterilize the assembled apparatus and to then fill 
the bridges with sterile purified 3 per cent agar containing 0.2 per cent sodium 
chloride. This is readily done by pipetting the agar into the inverted upper 
bridge and by resting the distal end of the lower bridge against a flat surface while 
it is being filled. When the agar is hardened the lower bridge and stopper are 
fitted in place. 20 cc. of the 0.5 per cent agar containing 0.2 per cent sodiiun 
chloride is poured into the cyUnder observing sterile precautions. After the agar 
is hard 30-^0 cc. of ordinary phage suspension is layered over it and the upper 
stopper placed in position. 

A current of 100-125 volts and from 5-'12 miliiamperes is passed through the 
apparatus for 18 to 20 hours (this need not be continuous). The phage above the 
agar is best changed once or twice during the run. At the end of this period the 
broth is taken up by pipette, discarded, and the upper surface of the agar washed 


* We have employed the technic recommended by d’Herelle (The bacteriophage 
and its behavior, Williams and Wilkins, 1926, 96) in all quantitative estimations 
of the lytic particles. 
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with several changes of sterile physiological saline solution. The lower bridge and 
stopper arc removed and the agar allowed to slide out gradually. It is sliced into 
thin sections with a sterile spatula as it issues forth and is received in a sterile 
Petri dish, discarding the layer 0.5 cm. thick nearest the broth. The remainder 
is thoroughly macerated for 2-3 hours with 10-30 cc. of sterile water or saline 
solution, depending upon the type of suspension and the concentration desired. 
It is then freed from agar particles by filtration through a coarse Chamber- 
land candle or by centrifuging. 



Percentage o| agar 

Chart 1. Effect of agar concentration on final phage content of extract. For 
each c.xpcriment: E.ir.F. 100-102 V. 7-10 milliamperes. Current on 18 hours. 
20 cc. agar of varj'ing percentages from 0.5 per cent to 4 per cent all containing 
0.2 per cent c.p. NaCl. Extractive: 20 cc. physiological saline. Anti-co/i bac- 
teriophage. Broth pH 7.4. 


DISCUSSION 

It was at first thought that the phage suspension used in the appara- 
tus should be adjusted to a relatively low pH on the acid side of the 
isoelectric points of the proteins and their derivatives so that these 
substances would carry a positive charge and would therefore concen- 
trate at the cathode. However, experiments run with ordinary 
Martin’s broth suspensions (pH 7.0-7.4) constantly resulted in the 
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precipitation at the cathode of a dense coagulum giving the usual 
qualitative protein reactions. Furthermore, there was no migration 
of these compounds into the agar. Consequently, any such adjust- 
ment of pH was found unnecessary for our present purposes. 

Early experiences indicated that the percentage of agar employed 
as well as the length of time during which a given E. m. f. is allowed 
to act markedly influenced the lytic titre of the extract. Two sets 
of experiments were accordingly undertaken to determine the optimal 



CDuriag which lDQ-105 volts LTII. 8- 10 milliamps passed through tube) 

Chart 2. Effect o£ varying time of current passage on final phage content of 
extract. For each experiment; E.M.F. 100-105 V. 8-10 milliamperes. 20 cc. 
O.S per cent agar with 0.2 per cent c.?. NaCl in distilled water. Extractive; 10 cc. 
physiological saline. Anti-coZt bacteriophage. Broth pH 7.4, 

conditions for preparing concentrated suspensions. Charts 1 and 2 
present the results in graphic form, and indicate that a maximum 
concentration is obtained with a 0.5 per cent agar gel through which 
the current passes for 18''20 hours. 

Failure to detect with ordinary qualitative reactions any traces of 
protein or protein-derivatives in the purified suspensions led us to 
determine the total nitrogen content per cc. The following figures 
are the averages of several analyses of each type of preparation: 
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(0) Non-purificd znti-coli bacteriophage in Martin’s 

broth: ' 0.548 mg. N/cc. 

(22 X 10® corpuscles/cc.) 

(1) Purified anti-co/i bacteriophage in saline 

solution: 0.092 mg. N/cc. . 

(1 X 10^® corpuscles/cc.) 

(c) Saline extract of purified agar without phage: 0.048 mg. N/cc. 

Consequently, we may attribute to the phage itself (1 x 10^® corpus- 
cles) only 0.092 — 0.048 = 0.044 mg. N/cc. This calculates to a 
maximum of 200 atoms of nitrogen per lytic particle, a number not 
exceeding the total of nitrogen atoms found in an ordinary protein 
molecule. 


CONCLUSIONS 

The method described above, based on the electrophoretic migration 
of bacteriophage particles into an agar gel and their subsequent 
re-suspension in a suitable medium, has the following advantages: 

It is simple and can be readily carried out on a comparatively 
large scale by merely inserting additional units between the same 
electrode cups. It requires but one extraction and the resulting phage 
suspension is strongly lytic, an average sample being capable of com- 
pletely lysing susceptible bacteria at a dilution of 10" The suspen- 
sion contains no proteins demonstrable by the biuret, alcohol, xantho- 
proteic, Millon or Hopkins-Cole reactions and yields but 0.044 mg. 
N/cc. directly attributable to the phage. Each corpuscle contains 
no more nitrogen than a single molecule of protein. 

In addition the method is applicable to determinations of the 
electric charge carried by biologically active substances of small dimen- 
sions, e.g., phage, toxins, and perhaps some viruses. It offers as well 
a possible means of purification of these substances. 

The purified bacteriophage obtained by such a procedure or similar 
ones is relatively unstable. Work now in progress indicates that it 
does not possess nearly the resistance to chemical agents, drying, etc., 
that non-purified phage displays. 

It is suggested that experiments designed to test the therapeutic value 
of bacteriophage be conducted, when possible, with purified suspen- 
sions thereby avoiding any possibility of obscure non-specific reactions 
due to other constituents of the lysates. 
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•MEASUREMENTS OF THE METABOLISM OF 
TWO PROTOZOANS 


By ROBERT EMERSON* 

{From the Laboratory of General Physiology^ harvard XJniversilyy Cambridge 
(Accepted for publication, July 21, 1929) 

Dr. J. A. Dawson of the Department of Zoology, Harvard Univer- 
sity, has been kind enough to place at the writer’s disposal relatively 
large quantities of two protozoans Amoeba protcus^^ according to 
Schaeffer, 1916; and Blepharisma widttlans) in sufficiently pure condi- 
tion to make possible some experiments on their metabolism. The 
results of these experiments, together with some observations on the 
red pigment of Blepharisma are recorded here. Dr. Dawson describes 
in a separate paper his methods of culturing the organisms. 

I 

Experiments on Amoeba protens 

The amebae obtained were always accompanied by large numbers of Chilo- 
monas. In order to be sure that any metabolism found should refer to Amoeba 
Proletts alone, the Chilomonas cells, which are much smaller in sire, were washed out 
on a 200-mesh phosphor-bronze sieve, which retained all amebae. After two 
washings, a microscopical examination of the amebae showed them to be practically 
free of Chilomonas. The former were then concentrated by allowing them to 
settle in shallow dishes, and decanting. They were crashed once or twice on the 
centrifuge to remove bacteria, and a suspension of them was made up and pipetted 
into the vessels of Barcroft-Warburg manometers. 

Various suspending solutions were tried, similar in composition to Ringer, but 
much more dilute. None proved successful, however, and metabolism was 
demonstrable only in distilled water. The water used was commercial distilled 
water redistUled from a Pyrex still. 

Table I gives complete data for one experiment. The temperature 
was 20®C., and a mixture of 5 per cent COj in air was used. The 
manometer vessels were the rectangular type, illustrated in n. Tiarjor bv 

* National Research Council Fellow. 
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TABLE I 

Respiration of Amoeba proteus 


Vessel 6 

Vessel 3 


7 cc., 14 mm.3 cells 

ty = 

3 cc., 6 mm.® cells 

^ 0 ,= 

0.56 

^0,= 

0.96 

^co, = 

1.15 

^CO, “ 

1.22 

AH = 

09.9 mm. in 130 minutes 

Ah = • 

—1.7 mm. in 130 minutes 

^0,= 

—4.5 mm.® 



^^co. = 

+4.35 mm,® 



eo,= 

-1.6 




the writer (1929), without alkali well. For a detailed explanation of 
the technique, see Warburg (1926). The notation of Table I is as 
follows: 

Vp = volume of cell suspension. 

Ko, = constant of the vessel for oxygen. 

^C 02 = constant of the vessel for carbon dioxide. - 
A/; = pressure change on the manometer. 

Xo, = oxygen absorbed. 

^COt = carbon dioxide evolved. 


Capital letters refer to the vessel with the large voltune of cell 
suspension, small letters to the one with the small volume of cell 
suspension. The vessels contained suspensions of the same density, 
i.e., the same voltune of-cells per cc. Xo, and XcOi were calculated from 
these formulae: 


^o.= 


^ ^ -^co, "■ ty ^ 


'■CO, 


K 


0 , 


[TO, 

'^o. 


^ ^ -^0, ~ *0, 


•^co, ~ 


K. 


O3 


'-co. 


_2l 

''co. 


Xo, and Xco, refer to the gas exchange in Vessel nmnber 6, which 
contained 14 mm.® cells, over a period of 130 minutes, the time over 
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which the ohservation of the values of AH' and Mi were read. For 
convenience in comparing with other figures, the value of JT©, is 
reduced -to the oxygen consumption in cubic millimeters per hour 
per 10 mm.® cells, or Qoj> equal in this case to —1.6. This figure is 
much lower than figures published by the writer for green algae, 
where the value of ranged from about -5 to —10. Adolph (1929, 
p. 313) gives an average value for the o^gen consumption of freshly 
isolated frog skin, of 133 mm.® O 2 per gm. of fresh weight. Assuming 
the density of the tissue to be close to 1, frog skin has, according to 
Adolphes figures, a QojOl about —1.33, very dose to the writer’s figure 
of —1.6 for Amoeba, 

Attempts were made to demonstrate anaerobic metabolism, by sus- 
pending the cells in media containing glucose or bicarbonate or both, 
and with an atmosphere of nitrogen which had been passed over red- 
hot copper to remove oxygen . No anaerobic metabolism was found. 

Although it would undoubtedly be of interest to study the charac- 
teristics of Amoeba respiration, the writer did not undertake further 
experiments. Owing to the small gas exchange, much larger amounts 
of cells would be necessary than were available at one time. 

n 

ExpcHvienis with Blepharisma 

Blcpharisma was available in larger quantities, and consequently 
was better adapted for these experiments. The cells were free from 
other protozoans, and bacteria were removed by washing on the centri- 
fuge. Measurements were made with cells suspended in distilled 
water from a Pyrex still, and in dilute salt solutions. Although the 
rate of respiration was about the same in either case, it remained con- 
stant in salt solution and fell off rapidly in distilled water. Only those 
experiments made with cells suspended in salt solution are recorded 
here. 

The salt solution was prepared- freshly from stock solutions for 
each experiment. When mixed, its composition was as foIIow^s : 

Redistilled Water 
NaCl 


1 liter 
500 mg. 
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In this solution Blcpharisma cells will live and remain active for 
several hours without showing any signs of injuiy. Nothing was 
found which when added to this solution would cause any substantial 
increase in respiration. The addition of 1 per cent glucose caused a 
10 to 20 per cent increase in oxygen consumption. Peptone in a con- 
centration of 1 mg. per cc. caused a slightly greater increase. 


TABLE n 

Respiration of Blcpharisma 


Vessel 6, 87 mm.* cells 

Vessel 3, 37,5 mm.* cells. 

Fp = 7 cc. 

Vy. = 3 cc. 

A'o, = 0.56 

I-O, = 0.96 

A'co.= 1-15 

^COj " 

A// — 13 mm. in 25' 

A// = —1 . 7 mm. in 25 min. 

Xo.= -13.1 


Xco. = +11.7 

! 

0o,= -3.6 



Table II records the details of an experiment to determine the oxy- 
gen consumption and carbon dioxide production of a sample of 
Blcpharisma cells. The notation and method of calculation is the 
same as for Table I. The temperature was 20°C. 

The rate of gas exchange indicated in Table II remained constant 
for a period of three hours. As in the case of Amoeba., the respiratory 

quotient, — nearly equal to unity. The value given for Qq,, 

•Acoj 

—3.6, is much greater than the figure for Amoeba. —3.6 was the 
lowest value obtained for Blcpharisma, the average being around —5. 
With some samples of cells, Qo, was found to be as high as —7 or —8. 
These values compare favorably with figures of the writer, for green 
algae cited above. But they are much smaller than the figures given 
by Adolph (1929, p. 269) for Colpoda. He states that a unit volume 
of cells uses in an hour four times its voliune of oxygen. This means 
a value of —40 for Qo,- Adolph says that his figures are more or less in 
agreement with the values found by other workers for protozoan res- 
piration. 
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Blepharisvia shows a measurable anaerobic metabolism. This is 
manifest only in the presence of bicarbonate, showing that an acid 
is evolved under anaerobic conditions, displacing CO 2 from the bicar- 
bonate. 

The demonstration of anaerobic metabolism was made as follows: 

To 50 cc. salt solution were added 2 cc. of ^ NaHCOs. 80 mm.* of fresh 

Blepharisma cells were washed in this solution and pipetted into Vessel 6. Vf was 
equal to 7 cc. The gas-space was swept out with nitrogen which had been passed 
over hot copper to remove oxygen. Nitrogen was passed through for about 5 
minutes. This proved long enough to wash out the oxygen dissolved in the cell 
suspension without removing the CO 2 from the bicarbonate. Controls were made 
by adding the bicarbonate after saturation with nitrogen. 

In the experiment referred to, 80 mm.* cells in an atmosphere of 
nitrogen at 20°C. showed an increase of pressure of 11 mm, per hour. 
Assuming this to be due entirely to evolved CO 2 , c.,' assuming that 
nitrogen does not enter into the metabolism, this indicated an evolu- 
tion of 12 .5 mm.* of CO 2 from the bicarbonate per hour. Upon return- 
ing the cells to an atmosphere of air, they showed normal respiration. 
Glucose did not affect the anaerobic metabolism. 

Blepharisma cells are colored bright red, and it was thought they 
might show some special behavior toward light. However, no change 
in oxygen consumption coufd be defected when ceii suspensions were 
illuminated by an incandescent lamp or by the light of a Pyrex mer- 
cury arc. 

SUMMARY 

1. The respiration of Amoeba proteus was measured. 10 c. mm. of 
cells were found to use about 1.6 mm.* of oxygen per hour at 20°C, 
The respiratory quotient was found to be nearly unity. 

2. No anaerobic metabolism was found for Amoeba. 

3. The respiration of Blepharisvia was found to be from 3 to 7 mm.* 
oxygen per hour for 10 mm.* cells. The respiratory quotient was 
about 1. 

4. Blepharisma was shown to have a definite anaerobic metabolism. 

80 mm.* cells caused the evolution of 12,5 mm.* carbon dioxide per 
hour at ?0®C. in the presence of bicarbonate. 
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SOME PROPERTIES OF THE PIGMENT OF BLEPHARISMA 

By ROBERT EMERSON* 

(From the Laboratory of General Physiology, Harvard Univcrsily, Cambridge) 
(Accepted for publication, August 17, 1929) 

In connection with measurements of the metabolism of Bhpharisma 
described in the preceding paper, the writer made certain observa- 
tions on the red pigment of this organism. The pigment of the intact 
organism defies extraction with any of the common organic solvents, 
but it may easily be obtained in solution by macerating fresh cells in 
dean quartz sand and extracting with 90 per cent ethyl alcohol. 

The alcoholic extract behaves like an indicator. When neutral or 
acid, it is bright red, the color disappearmg in alkali. The turning 
point is quite near neutrality, and only a slight degree of alkalinity is 
necessary to make the color-change complete. This may be brought 
about by adding a drop of m/10 sodium bicarbonate solution to 10 cc. 
of pigment solution. Perceptible changes in depth of color may be 
caused by merely varying COj tension. 

Fig. 1 shows the absorption curve of the extract of 108 mm.* of 
cells made up to 10 cc. in ethyl alcohol. The curve was determined 
on a Kbnig-Martens spectrophotometer, e, the extinction coefficient, 
is plotted against X, the wave-length in The spectrophotometer 
readmgs <}>i and are shown with iheir accompanying values of 
X and c in Table I. 

The curve might be compared with the figure published by E. Ray 
Lankester in 1873 for the absorption spectrum of the unextracted 
pigment of Sienior caerulciis. Since stentorin is blue and the pig- 
ment of BlepJiarisma red, their absorption spectra would not be ex- 
pected to coincide. But the three maxima shown by the Blepharisma 
pigment in the short-wave-length end of the spectnim might be said 
to correspond to the three ahsoiption bands of stentorin in the 
long-wave-length end of the spectrum. 

* National Research CoirncU Fellow, 

159 



I 



Fig. 1. Curve showing the absorption spectrum of the extracted pigment of 
Blcpharisma. 


TABLE I 


Figures for fhc Absorption Spectrum of Blepharisma Figment 


X (/xm) 


1 -, 

e 

720 

42.0 

42.0 

0 

662 

41.2 

41.2 

0 

630 

42.5 

41.0 

0.023 

602 

48.0 1 

36.0 

0.186 

579 

55.7 

28.2 

0.457 

564 1 

53.1 

30.6 

0,353 

552 

51.0 

31.8 

0.300 

540 

52.0 

31.2 

0.325 

529 

51.0 

32.0 

0.296 

520 

49.2 

33.4 

0.245 ^ 

510 

48.9 

33.5 

0.238 

502 

49.9 

32.5 

0.271 

494 

51.1 

32.0 

0.297 

479 

, 50.7 

32.0 

0.291 

460 

436 

408 

Interpolated from another set of cells — 

1 

0.208 

0.232 

0.308 
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The pigment fluoresces red in the light of the mercury lamp. This 
fluorescence is not due to absorption of ultra-violet light, since it 
appears undiminished when a quinine filter is interposed. 

The alcoholic solution of the pigment may be kept for weeks in the 
refrigerator, but loses its color in a few days at room temperature, 
even if kept in the dark. 

CITATION 
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ON THE BEHAVIOR OF NICKEL CARBONATE IN RELATION' 
TO PHOTOSYNTHESIS 

By ROBERT EMERSON* 

{JFrotn th6 Laboratory of General Pkysiolo^, Harvard Utiiversityf Cambridge) 
(Accepted for publication, July 4, 1929) 

Professor E. C. C. Baly (1927, 1928, 1929) claims to have synthe- 
sized carbohydrates by the action of visible light on an aqueous sus- 
pension of finely divided nickel carbonate saturated with carbon 
dioxide. He describes the production of weighable amounts of 
carbohydrate, of the order of 1 gm., by the action of 50 gm. of nickel 
carbonate. 

To produce 1 gm. of glucose from carbon dioxide and water, approx- 
imately 0.95 gm. carbon dioxide is necessary. Under standard condi- 
tions this ammmt of carbon dioxide has a volume of 480 cc. One ten 
thousandth of this amount (48 c. mm.) would be easily measurable in 
a Barcroft-Warburg manometer, of the type commonly used. 

It should therefore be possible to determine whether the appearance 
of Baly’s carbohydrate is accompanied by the disappearance of a cor- 
responding amount of carbon dioxide, and the production of a 
corresponding amount of oj^gen. In any proof that artificial photo- 
synthesis takes place, this should be an important step. It is omitted 
by Baly and his collaborators. 

In this paper the writer describes experiments designed to demon- 
strate if possible the disappearance of carbon dioxide and the appear- 
ance of oxygen, when an aqueous suspension of nickel carbonate is 
exposed to visible light. 

I 

Preparation of the Nickel Carbonate 

Nickel carbonate was prepared according to Baly’s rather meager direcUons, by 
the electrolysis of a saturated solu tion of carbon diodde in redlstiUed water with 

* National Research Coundl Fellow. 
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nickel electrodes.* Baly states that with three electrodes 8" X S" X i" he 
used 220 volts, and “sufScient resistance intercalated to reduce the current to about 
2 amps.” He does not state the distance between his electrodes. The writer tried 
various distances, but was unable to make a similar system to conduct more than 
0.5 amps, at 220 volts without any resistance. Using tap water, or commercial 
distilled water, the system conducted readily. It was concluded that some addi- 
tional substance must have been present in Baly’s system, to give such a high 
conductivity. If the current density is too low, no nickel carbonate is formed. 
Traces of various electrolytes were added to redistilled water to make it conduct 
enough current to produce a good yield of nickel carbonate. Hydrochloric acid 
was found to be most satisfactorj'. 0.5 cc. of “c.p.” hydrochloric acid diluted 1 to 
10 was added to 3 liters of electrolyte. 

The precipitated carbonate was centrifuged off, dried to 100°C., heated to 135°- 
140°C. for 30 minutes, powdered in an agate mortar, passed through a 200-mesh 
phosphor-bronze sieve, spread in a thin layer in a crj^stallizing dish covered to pro- 
tect from dust, and just prior to use illuminated for 12 to 18 hours by a 100 watt 
lamp at about 7 inches distance. 

The substance prepared in this way is surely a basic carbonate of 
nickel. Heating to 135°-140° turns it a darker green, and it loses COo 
which it can readily take on again. Heating to higher temperatures 
blackens it, and all the carbonate is converted to oxide. To obtain 
some idea of the composition of the preparation, samples which had 
been dried at 100° and not heated to 135° were weighed into a cruci- 
ble, ashed, and the loss in weight determined. Assuming the resi- 
due to be nickel oxide, the carbonate preparation was found to contain 
40 per cent nickel. To determine the amount of COo present in the 
carbonate, weighed samples were treated with normal sulfuric acid, 
and the evolved CO2 measured manometrically. The preparation was 
found to contain 8.75 per cent CO2. Gmelin-Kraut (Handbuch der 
anorgischen Chemie, Heidelberg, 1909, 5, Part 1, 108-109, 7th 
edition) states that basic nickel carbonate is of variable composition, 
and gives as example 3 NiO, CO2, 6H2O. This gives nickel 46.8 per 
cent, and CO2 11.7 per cent, figures not differing greatly from those 
of the writer. 


li 

M anometric Experiments 

Samples of recently irradiated powder were weighed into the bulbs B of vessels 
of the type shoum in Fig. 1. The main chamber C was given 3 cc. of redistilled 

*The electrodes were furnished through the courtesy of the International 
Nickel Company. 
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water saturated either with 100 per cent CO 2 or mth a mixture of 5 per cent CO 2 
in air. The vessels w’ere connected with their manometers, filled with the gas used to 
saturate their contents, and shaken in a thermostat at 20*0. until equilibrium 
was reached. The contents of the bulb was then washed into the main chamber, 
without opening the system. 

The behavior was followed in continuous light or dark, or in inter- 
mittent light, by frequent readings of the manometers. All prepara- 
tions absorbed carbon dioxide rapidly, absorption being most rapid 
with 100 per cent CO 2 in air. After mixing, the rate of CO 2 absorption 
rose rapidly to a maximum, and then fell off slowly, continuing at a 



Fig. i. Type of manometer vessel used. A , capillary connecting with manom- 
eter; B, bulb; C, main chamber of vessel; D, central well, in which sticks of yellow 
phosphorus were used. 

decreasing rate for 4 or 5 hours. The course of absorption of a typical 
sample in 100 per cent CO 2 is shown in Fig. 2, total amount of CO 2 
absorbed being plotted against time. 

The curve shows the absorption of COjby 8.5 rog. of nickel carbonate 
over a period of 5 hours and 10 minutes. At the end of this time, CO 2 
was still being taken up perceptibly, though slowly. In all, 1825 
c. mm. of CO 2 were absorbed by 8.5 mg. of carbonate in the period 
of observation. 

The process is reversible at any point. Air may be substituted for 
100 per cent CO 2 , and the absorbed gas is then evolved. - I^Iuch of the 
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CO 2 goes to forming a soluble nickel compound, possibly a bicarbonate, 
which can be precipitated if the CO 2 is pumped off. 

A variety of combinations of CO 2 concentration, light intensity, and ' 
nickel carbonate samples were tried, but no effect of illumination could 



Fig. 2. Curve showing the absorption of CO 2 by 8.5 mg. nickel carbonate. 
Total CO 2 absorbed is plotted against time. 

be observed. Illumination for short and long periods, of intensities 
from 10,000 to 100,000 Lux were tried, without any effect on the rate of 
CO 2 absorption. 

Baly states that his preparations became inactive through the 
accumulation of oxygen. Some experiments were therefore tried with 
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small sticks of white phosphorous in the central well D of the manom- 
eter vessel, to absorb any possible oxygen, but no difference in 
behavior could be detected. 

m 

Gas Analysis Experments 

It was thought possible that a small photosynthesis might be con- 
cealed in the rapid absorption of CO5 which was continuous in light or 
dark. Several analyses were made of the gas taken from above illum- 
inated samples of nickel carbonate in water, in an attempt to demon- 
strate the production of oxygen during illumination. 



Fig. 3. Type of vessel used for ^-analysis experiments. The long stop-cocks 
are used to avoid having grease come in contact with the material under investiga- 
tion. 


Vessels of the type shown in Fig. 3, having a total volume of about 12 cc., were 
filled with 3 or 5 cc. of redistilled water saturated with the desired gas mixture. 
Just before closing the vessel, 50 to 500 mg. of nickel carbonate were added. The 
vessel was then shaken in cither light or dark in a water thermostat for 2 to 5 
hours. Analyses were made with an apparatus of the Haldane type on which one 
scale divbion was equal to 10 c. mm. No oxygen was ever detected as a result of 
illumination. 

IV 

Dirccl Test for Carbohydrates 

The experiments described above were all carried out in dosed ves- 
sels, whereas Baly’s experiments were made in a continuous stream of 
carbon dioxide, A system similar to Baly’s was devised as follows: * 
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A glass cuvette of about 50 cc. capacity and 9 mm. distance between inside walls 
was filled with double-distilled water, and a stream of 100 per cent CO 2 was bubbled 
rapidly through. About 200 mg. of a fresh sample of nickel carbonate was added. 
The cuvette was illuminated by a 100-watt lamp 25 cm. away for five hours. The 
nickel carbonate was then centrifuged ofi, and the supernatant fluid concentrated 
in vacuo. The carbonate which precipitated out during concentration was sepa- 
rated 06 at intervals. The fluid was concentrated to a fraction of a cubic 
centimeter, and treated with sulfuric acid. There was no visible charring. 

CONCLHSION 

The writer was unable to prepare a sample of nickel carbonate 
which would give any indication of photosynthetic activity. If 
Professor Baly’s preparations are really active, I believe there is some 
detail in his procedure which he has failed to mention. 
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ELECTROKINETIC PHENOMENA 

I. The Adsorption op Serum Proteins by Quartz and 
pARAPpm Oil 

By HAROLD A. ABRAMSON 

{From the Laboratory of Research AfcdicinCf If edicatCluiiCf JoJms Hopkhts HospUaL 
Ballxmor^ 

(Accepted for pubKcation, July 24, 1929) 

INTRODUCTION 

It is extremely common in laboratory practice to bring a glass, 
quartz, or paraffin surface into contact with, alkaline solutions of dilute 
serum proteins, but there is not much definite information regarding 
the adsorption of serum albumin and globulin by these surfaces. The 
cataphoretic mobility of quartz particles and oil droplets in protein 
sols will be used here to elucidate more fully the mechanism of adsorp- 
tion of protein at the phase boundaries between quartz and a paraffin 
oil with electrolytes. Although the method of cataphoresis does not 
always show minor variations in quantity or quality of material ad- 
sorbed, It nevertheless g^ves an approach to the determination of any 
important gross selective adsorption. Quartz and oil droplets seem 
to adsorb gelatin and egg albumin non-specificially, but this is by no 
means true for all surfaces. Red cells of different mammals (1), for 
example, do not change their cataphoretic mobilities in the presence 
of small amounts of homologous or heterologous serum proteins. 
The presence of gelatin is equally ineffective. In fact, even in add 
solutions of pH 3.6 uninjured red cells still retain their negative charge 
in the presence of gelatin (unpublished data). This means that the 
red cell surface is little if at all changed by the presence of relatively 
great excess of protein molecules. 

The biological importance of comparing the cataphoretic mobility of 
quartz and paraffin oil in the presence of serum is best demonstrated by 
a few examples. The phagocytosis of inert particles like quartz, car- 
169 
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bon, manganese dioxide, and so on is frequently studied without 
sufficient regard to the surface composition of the particles, neglecting 
the possibility that the particles may adsorb proteins in dilute solution 
to an extent that would alter the nature of the surface * A parallel 
situation exists in studies of adhesiveness of leucocytes to various sur- 
faces. Similarly it is claipied that the prolongation of the clotting 
time of blood by a paraffin surface is due to a difference between 
the adsorption of some blood constituent by glass and by paraffin (2). 

Davis has studied the effect of serum proteins on the cataphoresis 
of glass particles (3). At the time of Davis’ experiments, themethod 
of micro-cataphoresis had not been so completely developed as it is 
today .f The differences between the data of this author and those to 
be reported here are probably due to the difference in method of meas- 
urement and in the nature of the adsorbing surfaces. Davis found 
that in isotonic buffers glass particles adsorb protein from about pH 
2.0 to 8.0 (the range investigated), the charge being reversed at pH 
4.5 in sols of sufficient concentration where the particles were pre- 
sumably completely covered with protein. 

Methods 

Apparatus: The absolute mobility of the particles was determined in a modifi- 
cation of a type of apparatus devised by Northrop and Kunitz (4). An additional 
change was made in the construction of the non-polarizable electrodes. The agar 
plug previously used must be changed frequently — as often as once in five days 
or less. This introduces a serious loss of time. The ideal material would be por- 
ous and insoluble.f Thus far plaster of paris plugs, although not completely satis- 
factory, have been very useful. Sufiicient powdered gypsum is put into the 
electrode vessels of the cataphoresis cell and mixed with water in situ. The porous 
plugs are then permitted to harden and dry for several hours. After filling the 
apparatus with saturated KCl solution, the solution in the apparatus is connected 
with the plaster plugs, the apparatus is inverted, and the electrode vessels are filled 
with saturated KCl. About 10 milliamperes are sent through the sj'^stem for 
several hours with the electrode vessels still open. This apparently hastens the 
saturation of the pores of the plaster of paris plug with electrolyte. With a given 
voltage the current approaches a peak value, indicating that the KCl solution has 
permeated the entire system. The electrodes are then completed as described 
previously. 

* Jones, F. S., /. Exp. Med., 1928, 47, 245. 

t Cemented cataphoresis cells were employed. 

j Insoluble porous cements are being investigated. 
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The apparatus is not always free from streaming, which is particularly prone to 
occur with solutions of high conductance.* This streaming can usually be avoided 
by the following procedure. The apparatus is filled with some solution, preferably 
saturated KCl, and one stopKCock. is turned, completing the connection between 
atmospheric pressure and the hydrostatic pressure within the electrode. After 
ten minutes equilibrium is usually reached and the same technic is employed on the 
other side. After each measurement the pressures are similarly readjusted for a 
few minutes. These procedures make possible the determination of small dif- 
ferences even though a system of high conductance is involved. 

Stispaisions: Crude quartz powder of small particle size (Eimer and Amend) 
was purified by heating with cleaning solution diluted with two parts of water, 
for about 30 minutes. The particles were allowed to settle and the excess of 
acid carefully decanted. A large amount of distilled water was added and the* 
quartz was separated by a fine-pored Berkefeld filter. The powder was washed 
by about 500 cc. of distilled water and then boiled with an excess of fairly concen- 
trated hydrochloric acid and allowed to settle. The filter was again employed to 
separate and wash the quartz. This washing was continued for several days. 
Very small particles were obtained by fractional sedimentation. It is important to 
sterilize the final suspension to prevent the groTiVth of molds. 

Emulsions of Nujol (a highly purified paraffin) were earily prepared by shaking 
equal volumes of Nujol and water or electrolyte very vigorously for about 15 
minutes. The larger droplets separated out fairly quickly. Small amounts 
of this emulsion were added to the protein sols as needed, the volumes being identi- 
cal in comparative experiments. 

The munber of particles of quartz and oil per mm.® in the final suspensions is 
difficult to detennine Tritb accuracy. The suspensions used in the final experiments 
were delicately cloudy and usually showed about 5-10 particles of 0.5p to 5p 
diameter per field (560 X) with a blue filter. The same volume of a suspension of 
quartz particles from a standard suspension was always used. 

Serum was obtained from dotted or defibrinated blood. Successive dilutions 
were made roughly by means of mixing cylinders. 

Measurements were made at room temperature (20'’-26‘’C.), in either 0.85 per 
cent or 0.35 per cent NaCl, the pH being fixed by dilute buffers and measured elec- 
trometricaliy. 


EXPERIMENTAL 

As is evident from Fig. 1, under the conditions of these experiments 
surfaces of particles of quartz and paraffin oil are extremely sensitive to 

♦ It can be sho^vn readily that this streaming (current = 0.0045 Amp., specific 
resistance of electrolyte — 70 Ohmsj cross-section of cell 0.07 cm.*) is most 
probably produced by some mechanical deficiency in the apparatus rather than to 
heating by the current. 
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traces of protein in 0.8 per cent NaCl buffered by m/150 phosphate at 
pH 7.4.* With less than 1 part of human or rabbit serum in 100,000 
parts of solution the mobility is markedly displaced, reaching a level 
which is fairly constant from 1 : 10,000 to 1 : 50. Similar results were 
obtained with glass particles. Under these conditions, then, the 



Fig. 1 


hydrophilic surface of quartz and the hydrophobic surface of paraffin 
oil are very similarly attacked by some constituent of the serum, most 
likely a protein. These curves resemble those obtained with single 
proteins like gelatin. The data of Davis differ somewhat from those 

* The value of about l.O/u/sec./voIt/cm. was obtained for many sera in the low 
dilutions. One serum gave a value closer to .5/x/sec./volt/cm. The reason for 
this anomalous behavior is unknown. 
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]ust presented. Davis found that in alkaline solutions protein was 
adsorbed by his glass particles with some difficulty. These differences 
may be due to differences in material employed or to experimental 
uncertainties. The experiments here recorded give excellent evidence ' 
that under certain circumstances probably a great part of surfaces of 
paraffin oil or glass are covered even at dilutions of serum of 1 ; 100,000. 



Similarly, in the presence of leucocytes, red cells, and other systems 
giving rise to the merest trace of proteins, glass or paraffin oil surfaces 
must be considered as more or less subject to change, perhaps covered 
by a film of these proteins. 

Fig. 2 shows the same phenomenon occurring at pH 9.3 (borate 
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buffer) in 0.85 per cent NaCl. Here, as at pH 7.4, the rather high 
alkalinity does not prevent adsorption of serum protein even in high 
dilution. 

It was of interest to determine whether the parallelism in mobility 
of quartz and paraffin was observable over a wide range of pH includ- 
ing both sides of the isoelectric points of serum albumin and globulin. 



Suspensions of quartz and paraffin oil were studied in 1:50 serum 
diluted by 0.35 per cent NaCl buffered by n/100 acetate buffers, the 
ionic strength of the Na-acetate being held constant. In this system 
quartz and paraffin have fairly identical cataphoretic mobilities 
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(Fig. 3) . Between pH 3.65 and pH 6.0 the curve of mobility as plotted 
against pH passes through an isoelectric point between 4.7 and 4.8, 
and resembles the titration curve obtained for serum albumin (5). It 
is obvious that the presence of electrolytes influences the course of 
such curves. The theoretical relationship correlating mobility of 
adsorbed protein and combining power for acids and bases has not 
yet been described.* 

The fact that quartz and droplets of paraffin oil in the presence of 
serum have an isoelectric point practically identical with that of serum 
albumin (Davis had noted an isoelectric point of pH 4.5) reminds one 
of the unsolved problem of the selective adsorption of proteins from" 
solutions containing more than one protein. Here, in the case of 
serum, the final surface layer seems to consist chiefly of serum albumin, 
if the experimental isoelectric point be taken as the criterion defining 
the nature of the adsorbed protein. Whether a globulin surface is 
first formed and is subsequently covered by albumin must be decided 
by experiments with purified serum proteins. 


DiscxrssiON 

The equilibrium present in the preceding experiments can be 
roughly described by the following schema: 
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particles 


Walls of 


mixing cylinder 


_ Particles 
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protein 

/ \\ 
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In low dilutions of serum there is much evidence in favor of the view 
that the particles and the glass surfaces involved have an adsorbed 
protein film wHch forms the interface at the water boundary. Li 
dilute solutions certain complications are present. For example, in 
1:1,000,000 dilution six or more different maxing cylinders ate used. 
In each dilution succeeding the one in which a complete protein fflm 
is formed, unknown and varying amounts of protein are adsorbed by 

♦See Abramson, H. A., Free. Sot. Ext’. S'"*- 0 ’"f'Ve<J., 1929, 26, 6S9. 
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the walls of the mixing cylinders. Thus the quantity of dissolved 
protein present in the final dilution is uncertain. Furthermore, the 
nature of the protein may change. Svedberg and Sjogren (6) have 
reported that when serum albumin is diluted, decomposition of the 
albumin molecules occurs. It is evident from the experiments 
reported here and elsewhere that the mobility (7) imparted by ad- 
sorbed protein micells to inert particles at a 1 : 10,000 dilution is very 
near that at a 1 : 100 dilution. What occurs at extremely high dilution 
is unknown. Another interesting phenomenon observed in this con- 
nection in protein sols at high dilutions, e.g. at 1: 10'^, with quartz par- 
ticles in suspension, is the variation in speed amongst the various 
quartz particles. Some of the particles move as if no protein were 
present. Others have their velocities lowered slightly — but without 
the uniformity observable in more concentrated sols. This indicates 
an uneven distribution of the protein on the particles. When com- 
paratively few protein molecules are available, the equilibrium 
between particle, vessel wall and dissolved protein is, therefore, most 
difficult to analyse.* 

The practical applications of the preceding remarks in relation to 
the diluting of sera is apparent. It is advisable at high dilution, 
1 : 1000 or over, to have as little glass surface as possible in contact 
with the sols. Otherwise the concentration of protein or of immune 
bodies may turn out to be much lower than initially calculated. Simi- 
larly, the difficulties encountered in studies of phagocytosis of inert 
particles are of interest. Washing the leucocytes and vessels com- 
pletely free from protein must be difficult, and since the merest trace 
of adsorbed proteins introduces very complicated systems on the sur- 
face of the particles, the comparison of the phagocytosis of dissimilar 
surfaces such as quartz and paraffin oil in the apparent absence of serum 
is hardly feasible. If serum is present in sufficient excess so that it can 
be shown that the particles under investigation are completely and 
similarly covered by protein films (so that all the particles have the 
same cataphoretic mobility), the comparison may be more definite (8). 

* In low (1:50) serum dilutions anomalous behavior has been rarely observed. 
For example, a quartz particle during the course of a day’s experiments may be 
observed to be unaffected by the protein although all others in the systems 
studied were completely covered. 
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Since cataphoretic velocity is but one function of the particle ion 
atmosphere, differences in phagocytosis may conceivably still be 
present even though the cataphoretic mobilities of tvro different types 
of particles are the same. 


SUMMARY 

1. The effect of human and rabbit sera on the cataphoretic mobility 
of glass and quartz particles, and of paraffin oil droplets, was studied 
in serum dilutions (with 0.85 per cent NaCl) from 1 : 50 to 1 : 1,000,000, 
over a pH range of 3.6 to 9.3, 

2. Under the conditions described, these various types of particles 
adsorbed protein partially or completely from the most dilute solution 
giving these particles electrokinetic properties characteristic of cer- 
tain proteins, probably here those of serum albumin. 

3. Quartz particles and paraffin oil droplets both have an iso- 
electric point between '4.7 and 4.8 in a 1 : 50 serxmi dilution. 

4. The biological importance of these findings is discussed. 

5. A non-polarizable electrode composed of Cu | CuSOi | 

is described for use with cataphoresis cells. 

I am indebted to Professor L. Michaelis for much valuable advice 
received in connection with this investigation. 
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THE SIZE OF BACTERIA AS THE CAUSE OF THE LOGA- 

Rxrmnc order of death 

By otto RAHN 

{From the Laboratory oj Bacteriology, Ncto York State College of Agriculture, Cornell 
Vniversity, Ithaca) 

(Accepted for pubUcation, July 5, 1929) 

The observation first* made by Madsen and Nyman (1907) and 
independently by Chick (190S) that bacteria killed by almost any 
cause die in an orderly way which has the same mathematical formula- 
tion as the monomoleodar reactions; has been verified in a general 
way by most subsequent investigations. There have been differences 
of opinion regarding technique; it has been found that the reaction is 
not always strictly logarithmic; because the ^heaction velocity” or 
the rate of disinfection is not constant but frequently decreases, and 
this could be accounted for by assuming a varied resistance of the 
different cells; there has been, in some experiments, the necessity of 
omitting the first few counts in order to get a reasonable agreement of 
the death rate. But all experiments made to prove or -disprove the 
claim show that in a general way, the orderly death of bacteria is 
logarithmic, and that we are justified in speaking of a ‘Togarithmic 
order of death.” 

Much less agreement could be obtained on the interpretation of this 
orderly process. The one extreme of explanation is the assumprion 
that bacteria are smaU enough to act as molecules, and enter into 
reaction as any other large molecule would, and therefore must follow 
the mass law; the mass law reactions are logarithmic. Others scorn 

*FaIk (1923) states that Dceda (1897) was the first to obsen^e ^is 
with the xuonomolecular law, but it seems to the author that he pves Reda too 
much credit. Ikeda found only that the ratio of times to brmg about the same 
disinfection eCect in different concentrations of the same d^mfcctant is the s^e. 
He does not mention any similaiitj’ with unimolecular reactions (see a eic cn 

bach, 1911 and 1922-23). 
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Fig. 1, Death of spores of B, anthracis by HgCb. The black line demonstrates the numbers of survivors; the blocks repre- 
sent the numbers of spores dying per unit time (2 minutes). 

Fig. 2. Death of mustard seeds by HgCb. The black line demonstrates the numbers of survivors; the blocks represent 
the numbers of seeds dying per unit time (15 minutes). 
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the idea of comparing such large organisms (with flagella, cell wall, 
vacuoles and granules indicating a high complexity of composition) 
with molecules ; they believe that the orderly process of death is simply 
. a consequence of an orderly variation of resistance. It is not very 
easy, however, to fit the laws of chance to the actual facts of the order 
of death of bacteria, as shall be demonstrated by one of the first experi- 
ments on this order, by Madsen and N3nnan (1907), and the first 
experiment for the explanation by variability, by Hewlett (1909). 

Fig, 1 shows that the curve of survivors in the case of bacteria spores 
is distinctly logarithmic, while the survivor curve of the mustard 
seeds, killed by the same poison and washed with water and treated 


TABLE I 


Death Canned by Mercuric Chloride 


Spores of B. anihfacij in 0.5 pet cent HgCIi 


!,000 Uustnrd Seeds in 0.2 per cent IlgCIs 


Time 

Survivort 

Spores 
killed in 2 
minutes 

1, a 
■jlogg. 

Time 

Survivors 

Seeds 
killed in 15 
minutes 

-logj 

nm. 




min. 




0 
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- 

- 

30 

940.0 

(30) 

0.0018 

2 
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895 8 

44.2 

0 0016 

4 

2,964 

1,896 

0.126 

60 

790.6 
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0.0023 

6 

1,408 
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' 0 I3S 

75 

4S6.6 

304.0 

0 0052 

30 

304 

552 

1 0.149 

90 

220.6 

266.0 

0 0087 

15 

2.6 

120 

0 204 

105 

163.8 

56.8 

0 0087 

20 

1.8 

0.3 

1 0.186 

120 

1 146.0 

1 17 8 

1 O.OOSO 

25 1 

2.0 1 

0 

' 0 147 

135 

39.0 

107.0 

0.0117 


with hydrogen sulfide exactly like the bacteria spores, is a typical 
inverted S-shape. More striking yet is the difference in the *'dcath 
rate curves” shown by the black blocks and presenting the number 
of spores or seeds dying in each unit of time. The third difference is 
the “reaction velocity” or “rate of death” as shown by the K values 
in Table lA and IB, computed according to the general formula 


1 log a log & 
7 0.434 


In Table lA, k is fluctuating but remaining constant within a very 
large error; in Table IB, however, the death rate is increasing 
continuously. 
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Exactly the same differences between bacteria and multicellular 
organisms are found if they are exposed to heat, as shown in Table IIA 
(data by Chick) and B (data by Loeb and Northrop). 

If the order of death as actually observed with bacteria is to be 
explained by variation in resistance, then this variation must be of a 
special kind. Variation of biological characters generally followsthe 
laws of chance, and the black blocks of Figs. 2 and 4= show the general 
trend of such curves. Figs. 1 and 3 show how the distribution of 
resistance would have to be if an approximation to the logarithmic 


TABLE II 

Death Caused hy Beat 


A 

Bad. typhosurn at 

s 

Fniit flies, at 39.4S*C, 

Tltne 

Sumvors 

Per cent dying 
per minute 

Time 

Per cent of 
survivors 

Pet cent dying 
each S minutes 

min. 

0.28 


- 

mm* 

0 

100 

_ 


1,19S 


25 

95.5 

1.8 

2.05 

925 

13 6 

30 

83.0 

12.5 

3 

755 

18 S 

35 

65.4 

17.6 

4 

542 

10.6 

40 

45.4 

20.0 

5 

488 

2.7 

45 

28.0 

17.4 

7 

2S9 

4 9 

50 

17 1 

10.9 


112.8 

2 9 

55 

11.8 

5.3 

15 

24.2 

0.9 

60 

8.8 

3.0 

20 

3.0 

0,1 

65 

2.5 

5.3 



_ 

70 

1.1 

1.4 


- 


75 

0.3 



sequence were to be expected. The most sensitive organisms must 
exist in the largest numbers. That is difficult to explain. Reichen- 
bacb (1911) constructed a special theory of growth in order to fit these 
facts. He assumes that after each doubling of the cells, a certain 
percentage do not multiply further, but become dormant; these 
dormant cells are the more resistant the longer they remain in that 
state. Since even this did not give the correct logarithmic death 
process, a correction factor was introduced in addition. This assump- 
tion seems rather artificial, and does not explain why bacteria spores 
follow the logarithmic law of death just as accurately or even more 
so than the vegetative forms. 
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Neither of these two interpretations of the order of death, which Lee 
and Gilbert (1918) termed the ^^mechanistic'' and the "Vitalistic" 
theories, has been proved or disproved. No new viewpoint has been 
added during the last ten years, though the material pro and con has 
been increased. On account of this deadlock for such a long time, 
the interest in this question which seems, after all, of considerable 
biological significance has decreased. 

To illustrate how the ^^mechanists'' and ^Vitalists" each adhere 
strongly to their theories, a few quotations are given: 

Loeb and Northrop (1917) : ‘‘When we plot the number of flies which die during 
successive days in terms of percentage of the original number of flies we get that 
curve of the death rate usually given in life insurance statistics, namely, a prob- 
ability curve, the ascending branch of which is a little steeper than the descending 
branch .... Miss Chick has stated that bacteria are killed by disinfectants 
at a rate corresponding to that of a monomolecular chemical reaction, f.e. that in 
each interval of time the same percentage of individuals alive “at this time is 
killed. She was probably led to such an assumption by the fact that the ascend- 
ing branch of the mortality curve in her experiments was generally very steep. 
The agencies used by her for killing the bacteria were so powerful that the ascend- 
ing branch became almost a vertical line, thus escaping attention. Hence she 
noticed usually only the less steep descending branch which could be interpreted 
as a monomolecular curve for the reason that her experiments lasted only a short 

Fulmer and Buchanan (1923) (Summary): ‘‘It is believed that such resem- 
blances as have been found between such curves (survivor curves plotted against 
time) and monomolecular reactions or logaritlimic curves are superficial and for- 
tuitous, Any method therefore of evaluating disinfecting power based upon such 
a concept must prove misleading, 

“Variations in resistance of individual cells and the distribution of such varia- 
tions must be regarded as of fundamental importance in accounting for rates of 
death of organisms.” 

Lee and Gilbert (1918) (Summar^O: has been proposed to group all these 

theories (of disinfection) into two classes, namely ^'vitaiistic theories” and “mecha- 
nistic theories” In view of the experimental evidence which has been 

presented, disinfection, in the opinion of the authors, must be regarded as an 
orderly time process which is closely analogous to chemical reaction,- — the micro- 
organisms and the disinfectant being regarded as the respective reagents. A defi- 
nite logarithmic relationship between velocity of disinfection and concentration 
has been found to exist in afl cases investigated. . . . The “theory of graded 
resistance” as advanced by Eijkman, Hewlett and Reichel has been reviewed, and 
attention has been directed to the fact that biological characteristics are distrib- 
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uted as a rule in a manner quite different from that 'svliich they have assumed in 
formulating their theorj'. In view of these observations, the authors are led to 
the conclusion that the logarithmic nature of the disinfection process is due to a 
general similaniy of the individuals in a given pure culture of microorganisms 
rather than to a dissimilarity of the individuals as postulated in the theories of 
graded resistances by the supporters of the vitalistic theory.” 

Cohen (1922) : “Subjecting organisms of the colon-typhoid group to mild lethal 
conditions under moderate temperatures and hydrogen ion concentrations tends 
to magnify the induction period prior to mortality at the maximum or logarithmic 
rate. . . . The period of induction is decreased by higher acidity and fay higher 
temperature. It appears to have a duration inversely proportional to some ex- 
ponent of the temperature. It is analogous to the induction period occurring in 
chemical reactions. . . . The mortality of bacteria whether by strong disinfect- 
ants or by milder agents follows the laws of logarithmic decline. It is shown that 
the course of the disinfection process can be expressed by mathematical relations 
comparable to those used in dealing with monomolecular chemical reactions.” 

A compromise theory similar to that of Lee and Gilbert was attempted by Falk 
(1923); “Indeed, it is our opinion that the findings of Chick, Brooks, Loeb and 
Northrop, and of Cohen have all shown that when the material which is being 
studied is — with respect to the reaction — physiologically homogeneous the course 
of disinfection, hemolysis, mortality etc. simulates the well-known logarithmic 
curve of mass action chemical processes. When the viable material is lacking in 
homogeneity, i,e. as between young and old cells, or as between vegetative and 
spore forms in Dr. Chick’s work, the curve which describes the course of the reac- 
tion varies from the logarithmic.” 

■'inis theory seems to be given up later by Falk in favor of an explanation by 
multimoleculnr reaction as it appears from the following quotation: , 

Falk and Winslow (1926); “"Where disinfection does not follow a logarithmic 
course, and is not to be described by the unimolecular equation, the course of the 
process may sometimes be described by the equation of a hi-, tri-, or higher multi- 
molecular reaction. Such an explanation may render unnecessary the assumption 
of variability in biological resistance to account for deviation from a logarithmic 
mortality curve.” 

When ever two groups of thoroughresearchworkershold suchopposed 
views as in this case, it is fairly safe to assume that some essentially 
new principle is involved which none of the two parties realized. 

A comprise seems difficult, but it is so largely because the **mecha- 
nists” do not pay sufficient attention to the deviations from the strict 
logarithmic law, while the "vitalists” refuse largely to acknowledge 
the facts, and base their refusal upon an analogy with multicellular 
organisms which may not be altogether correct, as shall be proved 
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presently. One more reason for considerable confusion in disinfection 
experiments is the difficulty in obtaining identical death rates with 
subcultures of the same strain on different days. The death rates 
vary so enormously that an unknown factor, perhaps of catalytic 
nature, must be assumed. But this has really nothing to do with the 
order of death; it affects the rate only, and the present discussion is 
altogether limited to the order of death. 

The attempt to explain the logarithmic order of death as a conse- 
quence of the small size of bacteria shall be limited here to the death 
by heat. It is based upon the assumption that death is caused by 
some chemical change taking place in the cell, and that this chemical 
process as such follows the same laws as all other chemical processes. 
Possibly, this reaction is a coagulation of a certain cell protein, or it 
is the inactivation of an enzyme essential for life, or of some other 
thermolabile cell compound. The heat coagulation of proteins follows 
the mass law, and is a monomolecular process (Chick and Martin, 
1910); so is the heat destruction of enzymes (Tammann, 1895), It 
would be not at aU surprising that the chemical process causing death 
by heat is monomolecular. This process, whatever it be, is called 
by Brooks (1918) the “fundamental reaction.” 

Thus far, probably, the vitalists will agree. But they will say at 
once that as long as all-^cells are alike, the same reaction must proceed 
in exactly the same way in all cells, and if 20 per cent of the protoplasm 
in one cell is coagulated, there must be 20 per cent coagulated in 
everyone of the cells. They must all die at exactly the same moment 
if they are alike, and the fact that they do not all die simultaneously 
is the ‘best proof for variation in resistance. This argument can be 
met by introducing size as a factor. 

Let us consider this process of heat coagulation in more detail. 
If we place a beaker with an albumin solution in a water bath of 
65°C., the mass of protein will be gradually coagulated according to 
the mass law. If this solution were divided by a partition into two 
independent halves, it will be generally agreed upon that, upon heating 
in the water bath, the processes will be exactly parallel in the two 
liquids. If we divide the mass of protoplasm evenly into 1000 sepa- 
rate units, the process will be parallel in each of the units, and when 
half of the protein is coagulated in one of them, we are certain that 
exactly the same has happened in each of the other 999. 
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And yet, this parallelism is not unlimited, because finally, if we 
continue to divide the total mass of protein, there will be only one 
molecule left to each division. What will happen when this liquid 
divided up into these smallest units, each containing only one molecule 
of protein, is placed into the water bath of 65°C. ? The molecules will 
react exactly in the same way as if they were in a continuous liquid, 
as if there were no partitions; they will follow the mass law. The 
division into smallest units can make no alteration in the process, 
because the protein molecules do not react with each other, at least 
not • primarily. They either react with water in which they are 
suspended, or they give off water; neither of these processes could 
be altered by partitions in the medium. 

This means, then, that the sum of all these units would have to 
follow the logarithmic law of mass action. In this case where each 
unit contains only one reacting molecule, some molecules will react 
faster then others, and consequently, some units will contain changed 
molecules and some will not, even though they were exactly alike at 
the start, and had been treated in exactly the same way. This divi- 
sion into the smallest possible units makes the mass law a fallacy. 
The mass law holds true only where the number of reacting molecules 
is practically innumerable. If the number of molecules is limited, the 
laws of chance enter. It will be shown later than even with 100 
reacting molecules per cell, the chance is not altogether excluded. 

The extreme theory that the entire protoplasm is one giant molecule 
need not be assumed for our purpose here. Doubtless the smallest 
bacteria cell contains many protein molecules though they may be 
interlinked somehow. These molecules are not all alike. There 
must be some specialization corresponding to that of the chromosomes 
in plant cells. Each section of each chromosome is different as the 
geneticists have shown. It is not a very bold theory to assume that 
one of these sections is essential for growth or multiplication, and with 
its destruction, the cell loses the power of multiplication and is 
considered dead according to the plate count technique of the 
bacteriologist. 

This same order would hold true if there were several such essential 
molecules in each cell, and the destruction of any one of them would 
cause death. If, however, two molecules of this most essential type 
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must be destroyed before multiplication ceases, then another law 
enters. On thb following pages, an equation for the order of death 
is developed for any number of reacting molecules. 

If a bacteria per unit space (e.g. per cc.) are exposed to some definite 
unfavorable temperature which will inactivate in molecules of proto- 
plasm in m cells per unit time, the rate of inactivation of the molecules ' 

I 

is — . The portion not acted upon is 1 . 

a a 

If the destruction of one molecule per cell would cause the bacterium 
to die the numbers of survivors and of dead bacteria would be 


After the time 

Survivors 

Dead cells 

0 units 

a 
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1 

<■-:) 

171 

2 
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■(' - f 
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the expression C. 

^71' \ • 

1 /which returns again and 

a ) 

again, the letter g. 

and obtain for the time n the expressions 

n 

a 

w(l + J + + 2"“’) 



The decrease of tire survivors is logaritJunic; q = 1 is the pro- 

CL 

portion of cells not acted upon in unit time. 

The next case would be the assumption that the cell can recover if 
only one molecule is destroyed, but will die if two molecules are 
inactivated. We proceed as above: 
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Time 
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If we assume that 3 molecules have to be destroyed before the cell 
cannot recover, we will have four groups of cells: 
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(n 1) (« ~ 2) 
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It is desirable to get a general formula for any number of molecules 
r necessary to be destroyed to insure the death of the cell. Thanhs 
to the experience and kind assistance of Dr. W. A. Hurwitz, of the 
Department of Mathematics, Cornell University, such a general for- 
mula could be derived by studying the development of the formulae 
so far mentioned. If we ^ose, c.g. the number of dead cells-aftcr the 
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time n which we may call Dn, we find the following regularity in 
the development: 

1 molecule: w[l + g -f + 5 * + + + g"~^] = 

r 1 

2 molecules: ~ 1 + 2 g + Sg^ + (;j _ 1 ) ^"-2 = 

3 molecules: + 3g + 6 g^ + — — — g""®J = 

The regularity of development consists in this: the expression in 
the second equation after — , is the first derivative of the correspond- 
ing expression in the preceding line, i.e. the factor of m; in the same 
way, with, 3 molecules, the sum [1 + 3g-{- is one-half of the 
derivative of the preceding expression, [1 -j- 2q-\- . . .]. If we con- 
tinue this systematic development, and call the total sum of the ex- 
pression for 1 reacting molecule = / (g), we find: 

= mjiq) 

a 


= 7 -; /''(?) 

I a- 




= 




qT-X _ 1 )] 


/(r-1) (g) 


The original / ( 5 ) was found tohe 1 + q + + q^+ ... + 

Summarized, this gives 


/(g) = 



Thus, for the case that inactivation of only one molecule is sufiicient 
to cause death, we have the equation 

(1 — q) /(g) = 1 — g'* 
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This equation, differentiated, gives 

(1 - $)/'(?) -/(?) = - 
If this is differentiated again, we obtain 

(1 - ff)/"(g) -/'(?) - /'(?) = — «(« - 1) g--* 


(I - g) f’iq) - 2f{q) = - «(n ~ 1) 


The next differentiation will give us the expression for the caseVhere 
4 molecules must be destroyed to cause death: 

(I - == - wCn — 1) (m - 2) g'*-* 


The order of progression is plain, and we can write the reaction equa- 
tion for r molecules: 


(1 — g) (f — 1)1 = — «(« — 1) (« — 2). ..(rt — r 4- 2) g’»*''+» 

. . w 

This equation is multiplied with 

*«(1 — ^ wT — «(n — 1) (k — 2). ■ .(« — f 4- 2) 

c'“Ur~l)l c'-i 


We now substitute in this equation the value for from the pre- 
ceding page, and also the value for 


(l-g) = 

a 


~ n{n — 1) (n — 2) (w — r 4- 2) 

if - 1)1 


nT-i 


gV 


■+i 


Since 1 ~ gr = — , we get 
a 

T^ r.> r, n(»~l){n-2) (M-f + 2) 

= 

Thus, for any r-value, the number of dead cells after the time n is 
given by the number of the dead cells for the reaction of the next 
lower order; if we just continue this, we must finally come to r = 1 
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time n which we may call Dn, we find the following regularity in 
the development: 


1 molecule: vi\\ + g -f + g® + + g"-*-^ + g”-!] = 

?k 2 r -] 

2 molecules: ~ 1 + 2g + 3g2 + (« _ i) 

3 molecules: ^ ft + 3g + 6q- + — — — g"-®! = 


The regularity of development consists in this: the expression in 
the second equation after — , is the first derivative of the correspond- 
ing expression in the preceding line, f.e. the factor of m; in the same 
way, with. 3 molecules, the sum [1 + 3g-f ...] is one-half of the 
derivative of the preceding expression, [1 + 2q+ . . .]. If we con- 
tinue this systematic development, and call the total sum of the ex- 
pression for 1 reacting molecule = / (q), we find: 


= mf(q) 


a 


z a-* 

n/(M = /■'"(?) 

aU3)I^ ^ 




m' 1 
(r - 1) ! 


y(r-» (g) 


The original/ (q) was found to be 1 + ? + !7" + h 

Summarized, this gives 



Thus, for the case that inactivation of only one molecule is sufficient 
to cause death, we have the equation 


(1 - ?)/(?) = 1 - s- 
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This equation, differentiated, gives 

(1 - ?)/(g) -/(?) « - 
If this is differentiated again, we obtain 

(1 - 3)/"(?) —/'(?) — /'(g) - — H(rt ~ 1) g”"* 

(1 — s)/"(3) — V'iq) = ~ n(n — 1) g’-* 

The next differentiation will give us the expression for the case where 
4 molecules must be destroyed to cause death: 


(1 — g)f"(q) — 3/"(?) = - nCn — 1) (» — 2) g"-* 


The order of progression is plain, and we can write the reaction equa- 
tion for r molecules: 

= -«(»-!) (« - 2)..,{« - r + 2) g^^'+i 

This equation is multiplied with ^ r- 

{r 1)! 

m( 1 — g)/^"~*ng) ~ «(« — 1) (« - 2) . . . (n -- r -h 2) w 


We now substitute in this equation the value for from the pre- 
ceding page, and also the value for 


OmW (1 - g) - = 

a 


— ti(M — 1) (n — 2) (n — f + 2) 

(f-l)I 


tn^ 

a*-t 


. gn-r+I 


Since 1 — g = — , we get 
a 


D„(r) « - 


n(n -!)(«- 2) 


.(«-f + 2) 


ir - 1)J 




Thus, for any r- value, the number of dead cells after the time n is 
given by the number of the dead cells for the reaction of the next 
lower order; if we just continue this, we must finally come to r ~ 1 
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and this case is known. The number of dead cells can therefore be 
computed for any value of r and n. Substituting the letter Cr for 
the long expression to be substracted from we obtain 

- Cr 

- Cr-I 
= !>«(>- - Cr-i 


The number of dead cells is then really the total sum of all the Cr- 
values substracted from the last member which is known to 
equal a (1 — q") (p. 188). This gives the following value for 

= o(l — 5”) — ^ ^ , 

2 a 

n{7t — ' 1) . . . (w — r + 2) 

— ' — * , + l 


We substitute 


1 — g 


m 





= o — g" — nq^~^p 


n{n — 1) 


n(n — 1) (# — r + 2) 

(r~l)I 


. ^n-r+l 



This is the final expression for the total number of dead cells after 
the time n, when r molecules per cell must be destroyed before the 
cell is dead. 

This final equation does not mean very much to the average biologist 
(including the author) who is not trained along statistical lines, and 
the only way to make it intelligible is to apply it to some simple case. 
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Unfortunately, it has not as yet been possible to condense this long 
expression to a simpler form, and the application means therefore a 
very tedious computation of many data. By choosing very simple 
conditions, however, the amount of work can be reduced a little. 

The following example is calculated on the assumption that 
1,000,000 cells are acted upon by some harmful influence at such a rate 
that 90 per cent of the protoplasm molecules are inactivated per unit 
time. In the terms of our equation, this means 

a = 1,000,000 


n is the unit of time. In Table III, the number of survivors is calcu- 
lated for the end of each unit of time until there is less than one living 
cell left. This calculation is carried through for successive r-values 
from 1 to 12; that means, for the assumption that the destruction of 
1, 2, 3, etc. molecules means the death of the cell. The table gives the 
total number of survivors, and the cells dying per unit time. 

The cells dying per unit time are also plotted in the block curves 
(Fig. 5) which will show to most readers more distinctly than the 
figures how the curve gradually changes its shape. For r = 1, it is 
plainly logarithmic; for r - 2, it appears practically of the same shape, 
except that the first time unit shows no deaths. Even for r — 6, the 
general shape of the curve resembles the first one except that it is 
flattened. For a while, the largest number of deaths occurs in the 
first unit of time in which any death takes place at all. However, 
at r ~ 9, the number of deaths in the first and second dying period 
are equal, and for r> 9, more organisms die in the second than in the 
first time unit. That this change occurs at r = 9, is, of course, the 
result of our choice oi g ~ 0.9; but regardless of how we chose g, 
there will always be a r-limit beyond which the death in the first time 
imit is smaller than in the second. The maximum of the death rate 
shifts to third place for r « 2 X 9, and to fourth place for r « 3x9. 
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With increasing r, this block curve becomes more and more sym- 
metrical. 

To prove this point, the survivors for r = 100 molecules were com- 
puted. These figures show a type of curve absolutely different from 



Fig. 5. Survivor curves and deaths per unit time for difierent numbers of re- 
acting molecules per cell 
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that for r - 1 j it resembles^ to the author’s unprejudiced mind, a 
variability curve, and with this curve before one’s eyes, it is difficult 
to realize that it represents the order of death of absolutely uniform 
organisms which have all exactly the same resistance. This order of 
death is brought about by the drcumstance that with 100 molecules, 
the reaction is not yet uniform in all cells, and it is the law of chance 
that still rules. 

Just as conspicuous as the gradual change of shape of the black 
curves of deaths per unit time is the fact that for any r larger than 1, 


TABLE IV 

The Case of JOO Reacting hfctcculcs m the ^^Theoretical Case of Disinfection*^ 


Ttme 

Survivors 

Dying per unit 
time 

Time 

Survivors 

Dying per ruut 
time 

1-99 

1,000,000 

0 

115 

39,827 

32,629 


999,973 

27 

116 

20,567 

19,260 

101 

999,678 

295 

117 

9,993 

10,574 

102 

998,055 

1,623 

118 

4,575 

5,418 

103 

992,163 

4,892 

119 

1,977 

2,598 

104 

976,285 

15,875 

120 

807 

1,170 

105 

942,422 

33,866 

121 

312 

495 

106 

882,643 

59,779 

122 ' 

114 

198 

107 

793,748 ' 

88,895 1 

123 ' 

40 

74 

103 

678,925 

114,823 

124 

14 1 

26 

109 


130,416 

125 

5 

9 

110 

416,644 

131,865 ; 

126 1 

2 

3 

111 1 

296,767 

119,877 1 

127 1 

1 

1 

112 


98,788 




113 

123,677 

74,302 




114 

72,456 

51,221 





there is no death at all for a certain time; this time increases in direct 
ratio with r. We must expect this; if a large number of molecules 
must be destroyed before the cell has lost the power of recovery, it is 
very improbable that all the molecules in one cell will be destro3’’ed 
in the first time unit. This improbability increases with the number 
of reacting molecules. If, however, only one molecule per cell esasts, 
the largest number of deaths in the first unit of time is unavoidable. 

The dominance of the logarithmic order of death with bacteria seems 
to indicate that they contain, among others, one 
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extremely sensitive to heat whose inactivation prevents any further 
multiplication; or there may be several such molecules, but the inac- 
tivation of any one of them means death. In many instances, 

however, the death rate ~ hi ~ is not constant, but decreases. In a few 

t b 

cases it increases. It becomes necessary to study the meaning of 
this, and to compute the death rates for the theoretical cases present 
in Table III. 

The results in Table V show that the death rate computed as in 
ordinary disinfection experiments is distinctly increasing in all cases 



Fig. 6. Deaths per unit time with 100 reacting molecules per cell 


except for r = 1, and the increase is very noticeable even if we chose 
as zero time, «o, not the beginning of the exposure, but the beginning 
of dying. The larger r, the larger is the increase. This becomes more 
conspicious if we consider the relative “death rates,” taking the rate 
of the first time unit = 100. 

As a matter of fact, an increasing death rate has been very rarely 
observed. Reichenbach’s (1911) unknown sporeformer, Chick’s Sta- 
phylococcus and Myers’ Bacillus 25 are probably the only cases on 
record for an increase of K. If the death rate is not constant, it 
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1 

usually decreases. The decrease can be easily accounted for by the 
assumption of a graded resistance, the mass law holding for each grade. 
The death rate is at first influenced by the less resistant cells, and 
towards the end of the experiment, when the more sensitive cells are 
all dead, the resistant survivors show a lower death rate. 

This circumstance that the death rate is either constant or decreas- 
ing, but very rarely increasing, is another strong argument for the 
assumption of r ~ 1 in bacteria. 

TABLE V 

“Death Rales*' of the “Theoretical Case of Disinfection'’' 



,Time 

interval 

r = 1 



... 

r - 10 

h -0 

*=0 


-0 

to ’-2 

tj, -o 

to «3 

Time 

h "0 

/r. -9 

■SI 

1.0 

0 


0 


0 

— 

9-10 


0,213 

t~2 

l.O 

0.361 

0.721 

0 

— 

0 

— 

muSn 


0.289 

2-3 

1.0 

0 518 

0.776 

0.189 

0.567 

0 


11-12 


0.384 

3-4 

1.0 

0 608 

0.811 

ItftVlil 

0.641 

0.116 

0.453 

12-13 

0.1460 

0.473 

4-5 

1.0 

0 667 

0.834 

0.417 

0.689 

0.218 

0.545 

13-14 

Kwniini 

0.557 

5-6 

1.0 

IllrilTJ 

0.852 

0.483 

0.724 


Ktwm 

14-15 

0.2555 

i 0.639 

6-7 

— 

0 742 

0 866 

0 537 

0.751 

0 366 

0.641 

— 

— 

— 

7-8 

— 

— 

— 


0.773 

0 421 

0.673 

— 

— 

— 

8-9 


- 


- 


0.466 



- 

- 


Relative Death Rates 


100 


100 


100 


100 



100 

100 


108 


113 


117 



136 

100 


112 


122 


130 



180 

100 


1 116 

1 

128 


1 138 1 



222 

100 ' 


i 118 

j 

1 133 


1 146 



262 

lOO 


120 


136 


' 151 


1 

300 


The question may well be asked how the type of curve illustrated 
in Figs. 5 and 6 will ever come to show that all large organisms behave 
alike and die at the same moment. The explanation for this involves 
the time factor. 

In the development of the formula upon which this discussion is 
based, it was implied that, when we had two reacting molecules per 
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unit, tile units were twice as large. Otherwise, it would mean a change 
of concentration. But in computing Tables III and IV, the same 
initial number of cells, a = 1,000,000, has been used. The 1,000,000 
cells for r = 12 contain 12 times as many reacting molecules as the 
1,000,000 cells for r = 1 . Tliis has not been important for our consid- 
erations so far, because neither the shapes of the curves nor the death 
rates would be changed at all if for r = 2, the initial number of cells 
were chosen as 500,000. 

But if in one case, we have 10 times as many molecules as in the 
■ other, it is certain that it will take more time to kill all the organisms 
containing each 10 times as many molecules. Our Tables III and IV 
show this veiy distinctly. Since the survivor curve approaches zero 
asymptotically, we might best compare the times required to reduce 
the number of living cells to less than 1. This requires for r = 1 
only 6 minutes, for r = 4 about 12 minutes, for r = 11 about 18 
minutes, and for r = 100 about 128 minutes. Of this time, a con- 
siderable portion passes before any deaths occur at all. This time 
increases with the number of reacting molecules. It increases not 
only absolutely, but also relatively. Computing the time of action 
without death in terms of the total time needed to kill 99.9999 per 
cent of all organisms, we obtain : 


TABLE vr 

Tmc Required to Kill 999,999 Out oj 1,000,000 Cells 


r 

Total time for 
disinfection 

Time before first death 

Period of dying 

Absolute 

Per cent of 
total time 

Absolute 

Per cent of 
total time 

1 1 

6 

0 

0 

6 

100 

2 

8 , 

1 

13 

7 

87 

3 

10 

2 

20 

8 

80 

4 

1 12 

3 

i 27 

8 

1 73 

6 

14 

5 

36 

9 

64 

,8 

16 

i 7 

41 

10 

59 

10 

17 

9 

53 

8 

47 

12 

20 

11 

55 

9 

45 

100 

128 

99 

77 

29 

23 


If the curves of the deaths per unit time are plotted so that the total 
time required for killing all cells is reduced to the same scale, we obtain 
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the pictures represented in Fig. 7. The total abscissa presented, 6 
time units, is required to reduce 1,000,000 living cells to less than one; 
this cannot be shown in the curves because 1,000 cells are the smallest 
number that is barely visible on this scale. The figure illustrates, 



Fig. 7. Deaths per unit time for different numbers of reacting molecules (as in 
Figs. 5 and 6), but drawn to a standard time scale 


however, how, with increasing r, the relative time required for killing 
becomes less, and how, for r = 100, it approaches a line. It is not 
very likely that such a curve could be obtained by experimental 
measurement. If we measured even every half minute, we would 
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find no cells killed until the 9th half minute, 23,000 killed in the 10th 
half, 947,000 in the 11th half, and 20,000 in the last half. This means 
practically all cells, (94.7 per cent) killed between 5 and 5.5 minutes. 
This is a good approximation to the “vitalists’” claim that if all cells 
are absolutely alike, they should all die at exactly the same moment. 
It is easily seen that for r = 200, or = 1000, the approximation would 
be still better. 

There is one other method used by bacteriologists to prove the 
existence of the mass law in disinfection, i.e. if the logaritluns of the 



Fig. 8. Time-relationship of the logarithms of survivors, for different numbers 
of reacting molecules , 


survivors are plotted against time, they should be on a straight line. 
If this same method is applied to our data of Table HI, we obtain the 
curvesshowninFig.8. Thecurvesobtainedarenotstraightlines(except 
for f = 1) but they are near enough to straight lines to be considered 
as such if we omit the initial ntunber. Unfortunately, many bacteriol- 
ogists have disregarded the initial number and have started the 
counting of survivors after the bacteria had been exposed to the 
unfavorable condition for some time. All data by Paul and his 
associates on the action of acids upon Staphylococcus, and many data 
by Chick are of no value on account of this omission. Any reconstruc- 
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tion or extrapolation would be quite arbitrar>\ This circumstance 
reduces the number of proofs for the logarithmic order considerably. 
If the initial number is included, a straight-line relationship of the 
survivors is a fairly good criterion for the logarithmic order. 

DISCUSSION 

The above conclusions and deductions refer to unicellular organisms 
of exactly the same resistance. No allowance is made for individual 
variation or graded resistance. If a chance distribution of resistance 
is assumed; this would mean a superposition over the curves out- 
lined above. 

The large number of experiments on the theories of disinfection by 
heat, chemicals, light, and diydng, show, with comparatively few 
exceptions, an approximation to the logarithmic order. As criterion 
for the logarithmic order, the constancy of the death rate, K ~ 
i a 

J in is chosen. This death rate has frequently been found to 

decrease; this can be accounted for by a superposition of a graded 
resistance over the mass law equation. The data of Table V show 
that with more than one reacting molecule per cell, the death rate 
must increase. This has been rarely found with bacteria. The author 
believes tbe evidence to be quite decidedly in favor of the assumption 
that in bacteria, as a rule, there is a group of special molecules so 
essential for their existence that the destruction of only one and in 
some cases perhaps 2 or 3 of these iholecules kills the cells. How 
many molecules of this type exist per cell, we are unable to say. 

With multicellular organisms, the logarithmic order docs riot hold, 
nor could we possibly expect it to hold. The situation becomes very 
complicated. Even supposing that all cells are ejqwsed simul- 
taneously to the harmful influence which might be possible with 
exposure to heat, but not to chemicals, death of the entire organism 
will begin with death of the individual cells. But the death of one 
cell does not mean the death of the entire organism. We have here a 
repetition of the relation between molecules and cells on a higher level; 
this time, death depends upon the number of cells that must be Irilled 
to prevent recovery of the organism. The mathematical treatment 
of this problem seems possible, but extremely complex. 
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CONCLUSIONS 

Death of unicellular organisms is brought about by the inactivation 
of a certain niraiber of essential molecules in the cell. 

If the number of these essential molecules is only one per cell, the 
order of death is the same as if the cell were identical with this mole- 
cule; the order of death is logarithmic following the mass law. 

If more than' one molecule must be inactivated before the cell dies, 
the order of death is not logarithmic. With 2 or 3 molecules, it still 
resembles the logarithmic order, but with an increasing number of 
reacting molecules, it approaches more and more the order of death 
known with higher organisms, namely a period of no death, followed 
by a comparatively short period of rapid death. 

The decision whether or not the logarithmic order exists, should be 

1 a 

based upon the constancy of the death rate K — ~. In . The exist- 

t O' 

ence of a straight line when logarithms of survivors are plotted against 
time, is not sufficient proof unless the initial number of cells is included. 

These deductions are made with the assumption that all organisms 
are exactly alike, and show no indiyidual variations or graded 
resistance. 

With most bacteria, the order of death is so nearly logarithmic 
that death must be brought about by the inactivation of only one 
molecule, though there may be several molecules of this same type 
in each cell. 
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DISSIMILAUITY OF INNER AND OUTER PROTOPLASMIC 
SURFACES IN VALONIA. II 

By E. B. DAilON 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, May 24, 1929) 

In an earlier publication^ from this laboratory experiments have been 
described in which the p.d. was measured between the inner and outer 
protoplasmic surfaces of Valonia wacrophysa. 

Electrical connection with the sap of the (very large) vacuole was made by 
piercing the cell with a fine glass capillary tube filled with artificial sap. It was 
found that on standing the protoplasm becomes attached to the glass, forming a 
seal which prevents short circuit between the cell wall and the sap at the spot where 
the tube passes through the protoplasm, ^Vhen both the inner and outer surfaces 
of the protoplasm were in contact with approximately the same solution (natural 
sap inside and natural or artificial sap outside) a pj). of from 4 to 38 mv. was 
observed, the inner surface being positive to the outer. The average of 100 
readings was 14.5 mv. An observed P.o. of this magnitude in the apparently 
symmetrical chain: sap I protoplasm | sap, led to the conclusion that the protoplasm 
itself is not symmetrical. As a working hypothesis it has been assumed that 
the protoplasm is made up of three layers, an outer, non-aqueous layer, X, the 
aqueous main body of the protoplasm, W, and an inner, non-aqueous layer, F, 

different from X. 

\ 

In these experiments, however, we failed to appreciate the effect 
of sea water wetting a large fraction of the surface of the cell when we 
measured the p.d. against a second solution applied at one end only. 
From further experiments with improved technique we have found 
that the value reported for the p.d. of this system is too low, and also 
that the p.d, undergoes characteristic changes with time. These new 
data support the conclusions as to the asymmetric structure of proto- 
plasm which were advanced in the earlier paper. 

‘Osterhout, W. J. V., Damon, E. B., and JacquK, A. G., J, Cm. PhysioL, 
1927-28, 11, 193. 
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In nearly all our earlier measurements, the Valo?tta cell hung free from the 
capillary tube on which it was impaled; in a few cases the cell was also supported 
from below on a glass ring. In all cases, whether the contact was stationary or 
flowing, the artificial sap or other external solution was applied to the lower tip 
of the cell only, while the rest of the surface remained wet with sea water, or with 



Fig. J . Diagram of a cell of Vahnia macrophysa impaled on a capillary, showing 
conditions when the cell is in contact with more than one solution. At a is shown 
the path along which we desire to measure the p.n. ; at ^ is a parallel path in which 
the E.M.F. across the protoplasm is lower. Differences in the E.ir.r. across the 
protoplasm lead to local currents as illustrated at c, 

a mixture of sea water and the new solution. Under such conditions we should 
expect a different E.ir.F. across the protoplasm at the upper part of the cell, where 
the cell wall is imbibed with sea water, from the at the tip, where the proto- 
plasm is in contact with some other solution, such as sap. The observed f-D. 
will have an intermediate value depending on the relative areas wet by the two 
solutions. The reason for this is that in addition to the desired path at a (Fig. 1)^ 
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there are parallel paths, such as b, where the e.m.f. is lower. Hence there will 
be local currents in the direction as represented by the arrows in the path c, which 
will tend to decrease the p.d. against sap, and possibly to increase that against sea 
water. 

These circuits may in a general way be compared to a batterj' of galvanic cells 
connected in parallel, where some of the cells are of higher e.m.f. (corresponding 
to the parts of the protoplasm where sap is applied), and others are of lower 
e.m.f, (corresponding to the parts of the protoplasm in contact with sea w'ater). 
Increasing the area in contact with sap is comparable to adding cells of the higher 
E.M.r., and simultaneously cutting out the same number of cells of the lower 
e.m.f. 

These views were confirmed by experiments in wdiich the p.d, was measured (1) 
with only the tip of the cell dipping into artificial sap, while the greater part of the 
surface of the cell remained W'et with sea water, and (2) with the entire cell im- 
mersed in artificial sap. The following is a typical result : 

Tip only in artificial sap, cell wall wet with sea water ... , 8.5 mv. 

Entire cell immersed in artificial sap, 2 minutes later 32.6 mv. 

Tip only immersed, but cell w'all wet with artificial sap, 1 
minute later 30 9 mv. 

Evidently the p.d. against a given solution applied at one end of the cell may be 
greatly affected by the presence of a difieient solution whetting other parts of the 
tell. Additional evidence of this wdll be presented later. 

In view' of this fact, it seemed necessary to carry out further measurements of 
P.D. in such a w‘ay that solutions applied to the cell should w’et the entire surface. 
Also, to prevent contamination by salts leached out of the cell w’all, etc., it seemed 
desirable to apply the solutions by means of a flowing contact such that a steady 
stream should flow continuously over the entire cell. Our former method of 
impaling the cell from above w'as not suited to this procedure, since liquids running 
down over the cell w'ould be liable to pull it aw'ay from the capillary tube, breaking 
the seal. A better way is to impale the cell on top of a vertical capillar^’ pointing 
upward; the solutions can then be led on at the top of the cell. Cells so impaled, 
however, must be supported in such a way that the point of the capillary cannot 
scratch the protoplasm. This is done conveniently by means of a cork mount as 
showm in Fig. 2 

The lower half of the singly bored cork stopper fits tightly over the glass tube, 
just below the tip where the tube is draw'n out to a capillary. The upper half of 
the cork is cut away, leaving four prongs, on or in which the cell rests when it has 
been impaled on the capillar>'. The complete cell holder, Fig, 3, is a modification 
of the holder described in our earlier paper. The 250-cc wide-mouth bottle, C. is 
fitted with a two-hole rubber stopper, through which pass the tube on which the 
cell is impaled, and the funnel tube, H. The bottle and tubes arc filled w'ith 
artificial Valouia sap. When the cell is impaled, pressure is applied by blowing 
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in at //, SO that the cell is kept turgid while it is pressed down on or within the 
prongs of the cork mount. After the cell is once in place, the hydrostatic pressure 
(5 or 6 inches) from the level of solution in H is sufficient to keep the cell distended. 
Before the impaled cells are used, they are allowed to stand immersed in sea water 
for two da 3 'S or longer, to see whether signs of injurj^ appear, and to permit the 
formation of a good seal. 

In measuring p.d. across the protoplasm, contact with the inside of the cell is 
made through the funnel, //. A string wet with artificial sap leads from H to a 
beaker of artificial sap into which dips the siphon of a saturated KCl-calomel 





Fig. 2. Photograph showing how the impaled cell is supported b}" a cork mount. 

electrode. Contact with the outside of the cell is made through a strip of wet 
filter paper touching the highest point of the cell. The solutions applied flow down 
the filter paper and over the entire surface of the cell. The apparatus used for 
holding the filter paper is shown in Fig. 3. 

The cell is supported over the funnel, F, which catches waste solution and carries 
it off to the drain. A light platform of paraffin-coated wood resting on the rim of 
the funnel carries glass rails, r and for supporting the strip of filter paper, a 
glass adapter-shaped tube to guide drip from the filter paper well away from the 
cell, and a cup, c, in which connection is made between the filter paper and the 
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siphon from a second saturated KCl-calomel electrode. The cup, c, has a hole 
drilled in the side, just under the platform, through which waste solution overflows 
and drips into the funnel. Solutions from reservoir bottles, flowing down along 
short lengths of string, j and s', are led on the filter paper at the points where it 
passes over the glass rails, so that a slow stream flows down the paper on both 
sides. The solution to be applied to the cell is led on the filter paper at r', and 
molal KCl solution at r; contact between the calomel electrode and the solution 
applied to the ccU is thus made through a flowing junction, which should be 



Fig. 3., Apparatus used in measuring the p.d. across the protoplasm of a Valoma 
cell impaled on a capillary filled with artificial sap. The solution applied extern- 
ally is led on at the top of the cell and flows do\\Ti over the entire surface. 

reproducible, and quickly established when solutions are changed. An advantage 
of this arrangement is that solutions are changed without opening the circuit, 
permitting us to obtain an unbroken record of changes in p.d. 

Measurements of p.t). reported in this paper, as in the preceding article, were 
made by means of a Compton quadrant electrometer. 

The following experiment, using the new technique of impaling, 
demonstrates the effect of a second solution "wetting a part of the 
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surface of the cell. The p.d. between the inside of the cell and arti- 
ficial sap applied to a small spot at one end was measured while most 
of the remaining surface was wet with a stream of sea water, and again 
after the sea water had been replaced by a stream of 0.6 m KCl solution. 

A rather long cell was impaled as shown in Fig. 4, in such a way that it rested 
with the long axis nearly horizontal. A strip of filter paper, down which flowed a 
stream of artificial sap, made contact with one end of the cell at a, but brought only 
a small area in contact with artificial sap. The greater part of the remaining 
surface of the cell was wet with solution which flowed down a second strip of filter 
paper touching the top of the cell at d. We could then observe the efiect of a 



Fig. 4. Arrangement of a Valonia cell in an e.vperiment to demonstrate the effect 
of a second solution wetting a part of the surface. 

solution applied at d on the p.d. between artificial sap at o and the interior of the 
cell (leading off through the capillary). (Table I.) 

As in our earlier paper, the sign of the p.d. is that of the inside of the cell. A 
positive potential means that the inside of the cell is more positive than the solution 
applied externall}': i.e., positive current tends to flow in the e.xtemal circuit from 
the capillarj' through the electrometer to the solution bathing the outside of the 
cell. 

Obviously, in measurements with Valonia (and probably with other 
marine algae) where the surface must be kept wet with highly conduct- 
ing solutions, it is undesirable to use methods in which the surface is 
brought in contact with more than one solution at a time. Experi- 
ments of Osterhout and Harris'^ on Niiella, however, indicate that this 

2 Osterhout, W. J. V., and Harris, E. S., /. Gen. Physiol., 1928-29, 12, 761. 
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criticism does not apply to measurements on fresh water algae where 
the surface of the cell is bathed with a solution of high resistance, 
such as tap water, making the electrical resistance of the cell wall so 
high, as compared with that of the desired current path, that shunts 
through the cell wall have little effect. With V alonia, it is not practi- 
cable to decrease the conductivity of the cell wall by leaching with 
distilled water, since, except within rather narrow limits, dilute 


TABLE I 


Time ' 

Dtscriptioo 

ej>. &t a (in contact 
Tilth (Litlficial sap) 

. min. 

I"’ 

mv. 

0 

Sea water flowing at b 1 

9.0 


1 i< « .. .. ,1 

8.5 


0.6 11 K.C1 flowing at b 

24.2 


1 (1 tf t, ,< (1 K 1 

23.6 


No solution flowing, surface wet with 0.6 ai KCl 

20.2 


tt It tf ti tt tt ti ti tt 

19.3 


Sea water flowing at b 

20.0 


tt tt it tt II 

12.8 

ll.S 

tt tt U it II 

8.8 

12.5 

No solution flowing, surface wet with sea water 

9.2 

15.5 

IC II II II II il II 11 

, 12.4 

17 1 

1 

0.6m KCl flowing at 6 

22.0 


solutions prove highly injurious, even when made isotonic with sea 
water by the addition of a suitable non^electroly te such as sugar. 

Although Osterhout has observed® that Valonia cells immersednn 
their own (natural or artificial) sap live but a short time, generally 
less than a week, we have found that they easily survive exposure to 
sap for periods of several hours. Using the apparatus described 
above, we have followed changes in b.d, against artificial sap applied 
externally in runs which lasted as long as ten hours. 

* Osterhout, W. J. V., J. Gat. Pliyshl., 1924-25, 7, 561. 
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These measurements were carried out at Bermuda during the months of April 
and May, at room temperatures ranging from 19.5° to 24°C. In most cases, the 
temperature variation during a single run was less than 1°. In all measurements 
reported, the cells appeared in good condition at the end of the experiment. They 
were then returned to a sea water bath and watched for several days; in all cases 
they continued to look healthy, and gave with sea water the usual p.d. of 5 to 10 
mv. Indeed, cells which had been exposed to artificial sap apparently lived longer 
than others impaled at the same time, and merely kept in sea water, but this may 
be explained by the fact that the best looking cells were chosen for measurement. 
The possibility that brief exposure to sap may be beneficial, however, is suggested 
by the observation of Dr. L. R. Blinks that addition of a small amount of KCl to 
the sea water in which cells of Volojiia are immersed assists in keeping the cells 
alive under unfavorable conditions. 



Fig. 5. Curve showing changes in p.d. across Valonia protoplasm when the 
outside of the cell is in contact with artificial sap, and also when the sap applied 
externally is replaced by sea water. 


Results of our experiments are shown graphically in Figs. 5 to 8. 
It is apparent that the system is changing continuously during the 
measurement, and that there is accordingly no single value which may 
be assigned to the p.d. across Valonia protoplasm when both surfaces 
are in contact with Valonia sap. In most of the measurements 
reported here, the maximmn p.d. observed was between 25 and 35 
mv., but occasionally still higher values are found: an extreme case, 
when the p.d. rose to 81.8 mv., is shown in Fig. 7. 

The graph, Fig. 5, has been selected as a fairly representative curve, but com- 
parison with Fig. 6 {Ay B, and C), Figs. 7, and 8A, shows that there is a consider- 
able variation in the behavior of different cells. In general, however, we may say 
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observed when the cells are returned to sea water (using flowing contact) after 
they have been exposed to artificial sap. In Fig. 7 is shown a case unusual in 
that the changes are much greater than those ordinarily found, the p.d. falling 
to —33.5 mv. (sea water positive); the form of the curve, howiever, in a general 



Fig. 8. p.D.-time curves with artificial sap, measured on the same cell, curve B 
fourteen days after curve showing the change in behavior caused by exposure 
to artificial sap. 
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Fig. 9. Curve showing changes in p.d. when the cell is exposed alternately to 
artificial sap and to sea water, the treatment with artificial sap being too short to 
produce much alteration. 


resembles the usual one. In most cases, the p.d. at first falls fairly rapidly, 
passes through a minimum, rises again to a maximum (lower than the p.d. with 
sap), and then falls slowly and steadily. After a number of hours in sea water, 
the P.D. becomes more or less constant at a value between 5 and 10 mv., approxi- 
mately the same as before the experiment. 
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The appearance of the cells several days after the experiment, and . 
the e.d/s which they give with sea water, indicate that no permanent 
injury has been received as a result of exposure to artificial sap. If 
such cells are used in the second measurement with artificial sap, 
however, the form of the p.D.-tune curve indicates that the cells have 
undergone an alteration which persists for a long time. This is 
illustrated by Figs. SA and SB. 

The first measurement w’as made 9 days after impaling the cell; the p.D.~time 
curve (A) is of the usual form: it rises sharply, falls, and rises to a second maxi- 
mum. Aftfj four hours exposure to artificial sap, the cell was returned to a sea 
water bath. It continued to look healthy, and gave with sea water a p.d. of 7 to 
8.5 mv. Fourteen days after the first measurement, a second measurement was 
carried out in the same way as the first, but with quite different results, as shown 
by the p.n.-tirae curve (B). The p.d. at first rose to a maximum and fell again as 
usual, but it then failed to rise to a second maximum. This behavior is typical. 
The cell was not permanently injured, since, returned to sea water, it continued 
to live and 10 days later gave wdtb sea water a P.d. of 6.1 mv. 

Since prolonged exposure to sap produces an irreversible (or very slowly revers- 
ible) change in the protoplasm, it is interesting to compare the effect of brief 
exposure, • An experiment was carried out in which artificial sap was applied for a 
few minutes only, and replaced by sea water as soon as possible after the beginning 
of that first fall in potential which presumably indicates that alteration is taking 
place. Results are shown in Fig. 9. The shape of the p.D,-time curve when sap 
is replaced by sea water is similar to that which we find after much longer exposure 
to sap, but the fluctuations are more marked. It is interesting to note that the 
P.n. rises to a higher value with each successive application of sap, and that after 
each exposure to sap, the p.d. with sea water returns to a constant level higher 
than the last. This must indicate that alteration has occurred, but not to the 
same degree as after long exposure, since when sap was applied for the third time, 
the P.D.-Ume curve had approximately the usual shape with two maxima, 

DISCUSSION 

While it is too early to attempt an explanation of the cause of the 
P.D. across the protoplasm, it may be worth while to consider what 
sort of alteration might be expected to lead to changes in p.d. consistent 
with those which we have observed. 

The alteration caused by artificial sap applied externally is probably 
of a very simple nature, since we can hardly expect the cells to survive 
a fundamental change in the structure of the protoplasm. Perhaps 
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the simplest hypothesis is that this alteration consists merely in an 
increased concentration of KCl in the main body of the protoplasm. 
The characteristic fluctuations in p.d. with artificial sap can be ex- 
plained, at least qualitatively, as due to such an increase, on the basis 
of the theory of protoplasmic layers which Osterhout and Harris^ 
have found useful in interpreting their results with Nitella. 

This theory assumes that the protoplasm has an outer, non-aqueous 
surface layer {X) and an inner, non-aqueous surface layer (F), different 
from {X), the two being separated by the aqueous main body of the 
protoplasm (W). The observed p.d. is then the algebraic sum of the 
P.D. across X, between the external solution and W, plus the p.d. across 
F between W and the vacuolar sap. We assume that the e.m.p. at F 
is opposite in sign to that at X and that both these e.m.p. ’s are large 
as compared with their algebraic sum when the external solution is 
sea water. This assumption is supported, for the case of Nitella, by 
the changes in p.d. observed when the cells are killed by applying 
solutions saturated with chloroform (current of injury),^ and for the 
case of Valonia by (unpublished) results of analogous experiments. 

These ideas are illustrated by hypothetical diagrams, Fig. 10, where 
the direction in which positive current tends to flow is indicated by 
the direction of the arrows, and the relative magnitude of the e.m.p.’s 
by their length. The observed p.d., the resultant of the e.m.p.’s at 
X and F, is shown by feathered arrows. 

A represents conditions when the outside of the cell is bathed with 
sea water, B, immediately after the sea water outside the cell, and 
imbibed in the cell wall, had been replaced by artificial sap. That is, 
we suppose that the first sharp rise in p.d. occurs entirely at X : this 
is shown by lengthening the X arrow, and also the feathered arrow 
which represents the observed p.d. This change in p.d. is no doubt 
connected with the fact that KCl enters the cell more readily than 
NaCl, but no attempt is made here to explain the cause of these po- 
tentials. They may, for example, be phase-boundary potentials, or 
they may be diffusion potentials in the non-aqueous phase. 

The initial concentration of K salt in IF or Z is probably low, since 
increasing the K concentration outside increases the p.d. at X. (If 


^ Osterhout, tV. J. V., and Harris, E. S., J. Gen. Physiol, 1927-28, H, 673. 
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Fig. 10. Hypothetical diagram illustrating the theory of protoplasmic layers. 
The length of the arrows indicates the relative magnitude of e.m.f.’s assumed to 
exist across the inner and outer surface layers. The direction of the arrows is 
that in which positive current tends to flow. The observed resultant pjd. is shown 
by feathered arrows. A represents conditions when the external solution is 
sea water; B, conditions immediately after sea water has been replaced by arti- 
ficial sap. C and D illustrate how the penetration of K.C1 into the protoplasm 
may cause first a decrease, and then an increase in the observed p.d. (The values 
represented by the lengths of arrows are fictitious, and do not correspond to any 
particular experiment.) 

expected to decrease the p.d. across this layer.) Now, the entrance 
of KCl, increasing the concentration in W, will tend to make TF •• 
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nearly like sap, and thus by making conditions on the inner and 
outer surfaces of X and Y more nearly alike, will tend to decrease the 
differences in potential across these layers. 

The E.M.p. at X will be affected first, before KCl has diffused across 
W to the boundary of F. These conditions, illustrated in Fig. IOC, 
are supposed to correspond to tlie decrease in p.d. which follows the 
first sharp rise. 

As KCl continues to penetrate into W, the p.d. across X will con- 
tinue to grow smaller, but perhaps at a decreasing rate, since the 
potential is probably a logarithmic function of tlie concentration. 
Meanwhile, diffusion of KCl through TF also produces clianges at F. 
If the rate at which the e.m.p. at F is affected is greater than the 
corresponding rate at X, the resultant effect will be an increase in the 
observed p.d. Tins is illustrated in Fig. lOD, where the arrows at X 
and F are both shorter than in Fig. IOC, but the feathered arrow, 
representing the resultant p.d., is longer. This corresponds to the 
observed rise to a second maximum. 

As still more KCl penetrates into TF, the e.m.p.’s at both X and F 
will fall continuously, but the observed p.d., their resultant, may rise 
or fall, depending on whether the e.m.p. at X or that at F changes the 
more rapidly. 

Similar reasoning may be applied to explain the potential changes 
which are observed when sap is replaced by sea water, since these 
changes (fall, rise, fall) are the reverse of those (rise, fall, rise) produced 
by sap. We assmne that some KCl comes out of protoplasm, the 
concentration at X being affected first, that at F later. 

The increase in p.d. observed when sea water and sap are applied 
alternately (Fig. 9), may be ascribed to a decrease in the e.m.p. at 
F, produced by the penetration of a small amount of KCl. Changes 
at F are less readily reversed than corresponding changes at X, because 
of the greater distance of F from tlie outer surface. 

It is probable, however, that after long exposure to sap a consider- 
able concentration of KCl remains in TF, even after the cell has been 
standing in sea water for several days, and that the absolute values of 
the e.m.p.’s at X and F are accordingly much less than with unused 
cells, although the observed p.d. in sea water, their algebraic sum, may 
not be different from its usual value. When the cell is measured 
against sap for a second time, the increase in e.m.p. at X, and hence in 
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the obsemd p.b., may be as great as in the first measurement, al- 
though the absolute values of the e.m.f/s at X and F are much 
smaller. As KCl penetrates into W, the E.M.r, at X, and with it the 
observed will decrease as before. At F, however, the concentra- 
tion of KCl is already so great, and the e.hjp. so reduced, that the 
addition of KCl no longer can decrease the E.it.r, at F sufficiently to 
offset the fall in E.M.r. at X, The observed p.d. therefore fails to rise 
to a second maximum. 


SUltMAnY 

In measurements of p.o. across the protoplasm in single cells, the 
presence of parallel circuits along the cell wall may cause serious 
difficulty. This is particularly the case with marine algae, such as 
Valonia^ where the cell wall is imbibed with a highly conducting 
solution (sea water), and hence has low electrical resistance. In 
potential measurements on such material, it is undesirable to use 
methods in which the surface of the cell is brought in contact with 
more than one solution at a time. The effect of a second solution 
wetting a part of the cell surface is discussed, and demonstrated 
by experiment. 

From further measurements with improved technique, we find that 
the value previously reported for the p.n. of the chain 

Valonia sap j Vahnia protoplasm i Valoiiia sap 

is too low, and also that the p.O. undergoes characteristic changes 
during experiments lasting several hours. The maximum p,d. ob- 
served is usually between 25 and 35 mv., but occasionally higher values 
(up to B2 mv.) are found. 

The appearance of the cells several days after the experiment, and 
the p.n.^s which they give with sea water, indicate that no permanent 
injury has been received as a result of exposure to artifidal sap. If 
such cells are used in a second measurement with artificial sap, how- 
ever, the form of the p.D.-time curve indicates that the cells have 
undergone an alteration wlucla persists for a long time. 

On the basis of the theory’- of protoplasmic layers, an attempt has 
been made to explain the observed changes in p.d. with time, assuming 
that these changes are due to penetration of KCl into the main body 
of the protoplasm. 




PROTOPLASMIC POTENTIALS IN HALICYSTIS 

By L. R, BLINKS 

{From tke Lahoratories of The Rockefdfer Instiiutefor Medical Research) 
(Accepted ioc publication, September 14, 1929) 

I 

The capillary technique used for Valojiia macrophysa?- is logically 
available for other large cells of similar structure. I have recently 
applied it with success to the closdy related P. venlricosa of Florida^ 
and to B alley sih^ of Bermuda (long confused with^P. venlricosa^). 
Balicystis is a multinucleate cell which superficially resembles Valonia^ 
but differs markedly in details of morphology and in the constitution 
of the vacuolar sap.® Its study by the methods developed for Valonia 
is therefore of importance from a comparative standpoint, and its 
strikingly different behavior must be interpreted in any general 
bioelectrical theory. 


II 

Mechanically, Ealicysiis is distinguished by having a more elastic, extensible 
wall than Pa^ojito. The cells are not firm and hard but rather resilient to the 
touch. They are capable of more shrinkage and swelling without injury to the 
protoplasm. The tendency to shrink makes the cdls more difficult to impale; 
most of the sap may be lost by spurting through the opening around the capillary 
before the wound closes. Neither may this loss be made up by sap from the 
capillary, since hydrostatic pressure through the latter causes a sufficient stream to 
wash away protoplasm opposite its opening. By the use of sharpened capillaries, 
however, and by twisting the cells slightly as they are pushed on, most of them 
promptly form a seal. They then live as long as two or three weeks thus impaled, 
resting upon cut corks as described by Damon. They may shrink noticeably in 

1 Damon, E. B., J. Gen. Physiol, 1929-30, 13, 207. 

* Blinks, L. R., Corjjcgic Inst. Washington Year Book No. 28 ^ 1928-29, in press. 

® Probably B. ovatis. A descriptive paper on this organism is in preparation. 

* Blinks, L. R., Science, 1927, 65, 429. 

* Cooper, \V. C., Jr., and Blinks, L, R., Science, 1928, 68, 164. 
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size during this time, apparently by loss of sap into the capillary. Since the sap 
of Halicystis is less dense than sea water, the larger cells tend to float, and are 
easily dislodged from the capillary by sudden jar. Cells having a bit of the 
substrate (calcareous LiUioihamnio'ii) still adhering to the holdfast remain more 
surely seated. The most conveniently handled cells are those about 1 cm. in 
diameter. The capillary may not be pushed far enough into smaller cells to 
ensure a firm seal, and larger cells tend to collapse on impalement. 

The capillaries, drawn on the ends of quarter inch glass tubing, are usually about 
0.5 mm. in outside diameter, and from 0.5 to 1.0 cm. in length. They project 
into the vacuole of the cell 2 or 3 mm. They, and the bottles into which they 
connect, are filled with artificial Halicystis sap made to correspond to the analyses 
previously published. (The sap of the small cells used in these experiments was 


TABLE I 

Molar Composition of Saps Expressed as Per Cent of Halide 



A 

B 

c 

D 

E 

Sea water 
Bermuda 

Halicystis 

Bermuda 

V.macrophysa 

Bermuda 

V. macrophysa 
Tortugas 

V. ve7tlricosa 
Tortugas 

C1+ Br 

100.00 

100.00 

100.00 

100.00 


K 

2.15 

2.58 

86.24 

82,33 

1 94, 74 

Na 

85.87 

92.80 

15.08 

18,55 

5.73 

Ca 

2.05 

1.36 

0.288 

0.02 

Trace 

Mg ; 

9.74 

2.49 

Trace ? 

0.08 

Trace 

SO 4 

1 6,26 

Trace ? 

Trace ? 

0.04 

Trace 


Analyses: B by Dorcas. 

A, C by Van der Pyl. 
D, E by Cooper. 


essentially the same in composition as that of the large floating cells, according to 
analysis by Mr. Jacques.) Sodium, potassium, and calcium chlorides are present 
about as in sea water, with magnesium less concentrated and sulfate absent. 
(Cells which have formed zoospores and recovered may show suKate.) The sap 
thus differs strikingly from that of the Valonias^ as shown in Table I.® 

Connection to the outside of the cell was made according to Damon’s method,' 
the desired solution flowing down a strip of filter paper in contact with the top of 
the cell. Certain measurements were likewise made with the cell completely 
immersed in solution. These p.d.’s were essentially the same as with a flowing 
contact. Wet strings or salt-agar bridges formed the connection to lead chloride 
or calomel electrodes. The measuring instruments were a Compton electrometer, 
and a calibrated vacuum-tube electrometer. 
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III 

Immediately on impalement, the cells of Ualicystis showed almost 
no p.n. across the protoplasm. This was the case no matter what 
solution the cell was bathed in: sea water, artificial sap, or various 
single salt solutions. The impalement probably caused temporary 
injury. 

On standing in sea water, however, the impaled cells soon displayed 
a larger and larger p.d. Within 1 hour the value might reach -30 to 
40 millivolts, with the outside positive to the measuring instrument 
{ix. positive current tending to flow from outside through the elec- 
trometer to the vacuole by way of the capillary; thus the positive 
current if allowed to flow would be across the protoplasm from inner 
surface to outer surface). Then more slowly the p.d, continued to 
rise, usually reaching in a day a maxiinum which was maintained 
more or less steadily for as long as two weeks. The highest p.d. found 
under any condition was 90 millivolts, the lowest steady value in 
sea water about SO millivolts. The average value for some 50 cells 
measured was about 70 millivolts. There w’as often a fluctuation 
between 60 and 80 millivolts with the same cell. from time to time. 
All of these were in the direction outside positive, and it was not pos- 
sible to reverse the p.d. by any treatment so far administered. 

Exposure of the cells to concentrated and dilute sea water had little 
of the expected effect on the p.d. A drop of about 10 millivolts was 
produced by J sea water (made isotonic by glycerine) but in one case 
of long exposure the p.d. returned and rose above the original value; 
4 sea water produced a variation of 5 millivolts without permanent 
effect. 

On the contrary, solutions of each of the more important salt con- 
stituents of sea water produced an immediate effect, abolishing the 
P.D. completely. 0.6 m NaCl, 0.6 u KCl, 0.4 ii CaCh, 0.6 M MgSO^, 
0.4 M MgCls, each caused the p.d. to fall to zero in a minute or two, 
and to remain zero during the exposure. There was occasionally a 
slight rise just after the preliminary fall, amounting to 5 to 10 milli- 
volts and lasting 2 or 3 minutes (see Fig. 1) . 

Except CaCh, which is quite toxic, these solutions did not cause 
permanent alteration of the cells, even by exposures up to ^ hour. 
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The P.D. was restored remarkably soon upon re-exposure to sea water. 
This recovery is shown in Fig. 1 for a typical cell, after exposure to 0.6 
M KCl. The recovery was delayed after long exposures but was rapid 
when once initiated. There was characteristically an “over-shooting” 
by which the p.d. went to a higher level than before treatment, and 



Time in minutes 


Fig. 1. P.D. in millivolts of an impaled cell of Ealicystis exposed to 0.6 M 
KCI; with subsequent recovery in sea water. Time in minutes. 

then descended slowly in 1 or 2 hours to a steady value. Occasionally 
there was only a partial recovery, quickly followed by death. 

That the value was dependent on a balanced solution is evident 
from experiments with mixed salts. Thus the p.d. did not drop to zero 
when artificial sap was applied to the exterior of the cell, but remained 
for a long time at about 35 millivolts (Fig. 2). In one case recovery 
to over 60 millivolts occurred during such exposure. Injury ensued 
in another experiment, with disappearance of p.d. It is evident that 
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here again is an example of radial asymmetry in the protoplasm, since 
similar solutions applied to both sides of the protoplasm still may pro- 
duce a high P.D. There is apparently a delicate balance at about this 
^ composition, since the value with sap is variable. 



Fig. 2, r.D. in miUivoits of an impaled ceU of Salicysiis exposed to artifidal sap; 
with subsequent recovery in sea water. Time in minutes. 

The R.I). was still less stable in simpler mixtures, as was exemplified 
by cells exposed to 0.6 m NaCl, 97.5 parts, + 0.4 ir CaCU, 2.5 parts. 
The graph of Fig. 3 shows the course of p.d. variation in a cell exposed 
to this mixture. There is striking evidence here of alternate break- 
down and recovery, which suggests the balance of processes dependent 
not on a single salt, but on several in proper proportion. 

IV 

It is not possible to draw full theoretical conclusions from the data 
so far available for Balicyslis. Two striking facts stand out distin- 
guishing it from Valonia. 






Sea water* 
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Time in minutes 

Fig. 3. p.d. in millivolts of an impaled cell of HalicysHs e.xposed to (a) 0.6 u NaCl; (&) a balanced solution of 0,6 m NaCl 
Ji.o parts, and 0.4 ii CaClj 2.5 parts; with recovery in sea water. Time in minutes. 
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1. It shows a P.D. nearly ten times as large as does V. macrophysaj 
and four or five times ‘as large as V. vcntricosa (both being similarly 
impaled and immersed in sea water), and directed in the opposite 
sense. In these respects it is much more like Nitella in tap water 
both as to direction and magnitude of the p.d. The p.d, produced 
when sap is applied necessarily implies an asjmimetric protoplasm. 

2. Identification of the ions responsible for the e.!!.!*, appears 
difficult in view of the fact that a balanced solution is necessary for 
the production of any P. D . whatever. Systematic variation of the sea 
water composition is thus of doubtful value. Except for H+ and SOi' 
there are no abundant ions of the sea water sufficiently different from 
those of the sap to give rise to an e.m.p. of 70 to 80 millivolts by con- 
centration effect. That these two are probably not concerned was 
shown by changing their relative concentration in the sea water. 
Sulfate ion was doubled by the addition of NasSOi without effect on 
the P.n. The pH was changed from 8.2 to 6.0 without immediate 
effect. (Lower pH produced permanent alteration.) 

Further study of these effects will be carried on. It is possible 
that the slow rise of P.n. observed after impalement is not due to a 
recovery but to an alteration such as a permanent lowering of e.m.f. 
at the outer or X layer. (This might be produced by the diffusion 
of salts into or out of the aqueous layer T7.) Bridge measurements of 
intact cells show that they have a greater polarization response than 
the impaled cells, and we have increasing evidence of the expected 
correlation between polarizability and the bioelectric p.d. It is 
hoped that the study of Balicystis in conjunction with Valonia will 
assist in a general critique of the method of impalement. 

SUMMARY 

The cells of Balicystis impaled on capillaries reach a steady p.i). 
of 60 to 80 millivolts across the protoplasm from sap to sea w'ater. 
The outer surface of the protoplasm is positive in the electrometer 
to the inner surface. The p.d. is reduced by contact with sap and 
balanced NaCl-CaCh mixtures; it is abolished completely in solu- 
tions of NaCl, CaCU, KCl, MgSO^, and MgCL. There is prompt re- 
covery of P.D. in sea water after these exposures. 




A STUDY OF THE BACTERICIDAL ACTION OF ULTRA 
VIOLET LIGHT 

I. The Reaction to Monochromatic Radiations 

By FREDERICK L. GATES 

{From the Laboratories oj The Rochefelter Institute Jor Medical Research) 
(Accepted for publication, August 4, 1929) 

During the past fifty years, many investigators have studied the 
bactericidal activity of ultra violet light, but a review of their reports 
shows that little has been learned about many essential factors in the 
reaction. There have been few contributions to a knowledge of the 
quantitative relations involved. Little precise information is avail- 
able on differences in resistance of individual bacteria to monochro- 
matic light and the consequent reaction curve of large numbers of 
organisms; on the effective range of ultra violet frequencies; on the 
relation between incident and absorbed energies at various wave 
lengtbs; on relations between time and intensity; on the temperature 
coefficient; on the action of polarized light; or indeed on any of the 
factors essential to the reaction on which an examination of its bio- 
physical significance must be based. 

But the ultimate object of the present study has not been simply to 
determine a set of coefficients for the bactericidal action of ultra violet 
light. This particular reaction was chosen for study because less 
individual variation is to be expected among bacteria than among 
higher forms of life. They are easily handled in quantity, and the 
death or survival of microorganisms provides a dearcut endpoint 
which may be observed and statistically recorded with unusual accu- 
racy for biological material. They seemed to afford the best available 
opportunity for a quantitative study of an effect of certain frequencies 
in the ultra violet on protoplasm; with the prospect that the reaction 
of the bacterial cells might open leads for further studies on higher 
organisms. 

It is obvious that in such work a considerable number of factors 
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must be controlled, and all but a selected one kept constant under 
standard conditions, while that one is varied experimentally. In the 
present study the measured variables were especially wave length, 
intensity, time, and lethal action, and, except when subject to special 
experiment, the factors kept as constant as possible were the character 
and age of the bacterial cultures employed and the composition, tem- 
perature, and hydrogen ion concentration of the medium on which the 
bacteria were exposed and subsequently allowed to multiply. 

In quantitative studies energ}'* of a single frequency, or a very narrow range of 
frequencies is essential; the selective absorption of radiant energy is characteristic 
of biological materials and a fundamental factor in their reaction to it. Since 
Grotthus it has been axiomatic that only energy that is absorbed can do work. 
The exposure of test objects to a whole gamut of radiation frequencies, even when 
the range is restricted by selective filters, introduces so many unkno^vns in partial 
absorption as to void any measurements of the effective energies. The importance 
of separating the radiations monochroma tically has been recognized by Ward (1), 
Barnard and Morgan (2), Brouming and Russ (3), Mashimo (4), and more re- 
centl}'* by Bayne-Jones and von derLingen (5), who exposed bacteria on a nutrient 
substrate in a quartz spectrograph, and so obtained spectral images of the result. 
But the equal importance of determining the incident energy required at each 
frequenc}' to produce comparable effects has apparently been emphasized only by 
Hertel (6), who reported, however, on only sLx lines between 210 and 440 m/i. 
Bang (7) measured the periods of exposure (in seconds) necessary to kill at 20 m/t 
intervals (\rith the carbon arc), and tried to correlate the bactericidal effects with 
bolometric observations on his light source, and Coblentz and Fulton (8) have 
recently made careful radiometric observations on a few wide regions in the ultra 
\doIet defined by filters. But intensity measurements of monochromatic radia- 
tions in absolute units, and the correction of incident energies by the absorption 
coefficient of the objects under test apparently have not been undertaken. Yet 
it is obvious that physical and chemical analyses of the reaction, and quantitative 
comparisons vuth other biological ultra violet reactions can only be made on the 
basis of such information. 

M ethods 

Light Source. Monochromatic ultra violet radiations were obtained from a 
vertical, quartz, air-cooled, high intensity mercury vapor arc, with tungsten anode, 
operating at 67 v., 5.5 amp. direct current. The mercury arc was chosen rather 
than a spark or a metallic open arc source, because of its steadiness and the in- 
tensity and separation of its principal spectral lines. VTiile single frequencies or 
groups of frequencies within narrow limits are thus easily available, the ultra 
violet region between wave lengths 2253 and 3126 A. u. is fairly well-covered by 
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.the tadhlioes at 2302 , 2345 , 2339 , 2452 , 2536 , 2675 , 2504 , 2594 , 2967 , and 3022 A. 
u —all lines, or groups of lines, of sufficient intensity for practical use. 

’ Qmrlz Motwchrmotcr. These specific ultra violet energies were separated and 
focused by means of a large quartz monochromator of spedal design. 

The vertical quarU; mercury lamp is placed on an optical bench, directly behind 
an adjustable entrance slit, curved to correct the spherical aberration of the quartz 
optical traio. Radiations through the slit are rendered parallel by a crystal quartz 
planoconvex .lens of 75 mm. aperture, and then pass through a Cornu quartz 
prism of 66 X 41 mm. face, and a large photographic shutter. A second 7 5 mm. 
cr)*stal quartz lens then focuses the spectrum on a straight, vertical, adjustable 
exit slit, by which the desired frequency is isolated and passed to the surface of 
exposure. The heueh supporting the shutter, colUmating lens, and exit sUt 
remain stationary, and dificrent wave lengths are thrown upon the slit opening 
by rotation of the lamp housing, entrance slit, and collecting lens around the a-ris 
of the Cornu prism, maintained at minimum deviation by rotation through half 
the angle. Focus is obtained automatically by a synchronous adjustment of the 
lamp and entrance slit during their angular travel. 

Energy UeaivmncnL The intensity of the monochromatic radiations passed 
by the exit slit is measured, in the plane of the recehung surface, by thermopiles of 
special design, patterned after those described by Pfund (9), who kindly gave 
persona! instruction in making them. These compensated, linear thermopiles 
arc of 1.5 x 12 mm. surface, of about S seconds period, practically without creep 
at ordinary room temperatures, and, connected through a ballast resistance with a 
Leeds and Nortbrup high sensitivity galvanometer, give readings of about 1 cm. 
deflection at 2 meters scale distance for a flux ol 1 erg mm." second (10“'* watt), 
a sensitivity ample for these energy measurements, as the protocols will show. At 
frequent intervals the thermopile in use was calibrated in absolute units against a 
Bureau of Standards carbon filament, incandescent lamp, (Ko. S 26), or a similat 
secondary standard.* 

Tejl Oh/rrij. Although some measurements were made on a laboratory 
strain of B. coli communist most of the observations here reported were made on a 
strain of S. aureus , originally obtained from Dr. C. G, Bull, and maintained on 
standard laboratory media for a period of years before these experiments were 
undertaken. This strain of cocci was chosen because of long adaptation to its 
environment, and because of the spherical shape of the single organisms, since 
orientation could not be controlled. During the expetiments the strain was 
tasphnted daily on beef infusion peptone 2 per cent agar, buffered at pH 7.4. 
Th« same'meffium was used as the substrate and covering layer in the tests. 

For the quantitative determination of a bactericidal effect, it was essential, of 


measurements are given, it should be noted that the energ>' 
total per square milliraetcrof surface illuminated, and not the 
«^«gy that iaHs upon each bacterium. 



234 


ULTRA VIOLET LIGHT. 1 


course, that no absorbing medium should intervene between the measured incident 
energy and the exposed bacteria. This, and the necessity that all organisms lie 
approximately in a plane, both during exposure and for subsequent colony counts, 
precluded the use of a fluid medium, and the following technique was finally 
adopted. 


Experimental Procedtire 

Small Petri plates, 5.5 cm. in diameter, were attached with wax to 5.1 X 7.6 
cm. glass microscope slides and partly filled with a layer of nutrient 2 per cent 
agar. A carefully made suspension of an 18 hour culture of 5. atireiis^ with a 
transparency limit, or depth-of-disappearance of 30 cm. (10) was washed over the 
agar surface, the excess drained oS, and the plate was allowed to stand in a vertical 
position until the excess fluid on the surface had evaporated. This method was 
found to give the most uniform distribution of organisms, so separated that subse- 
quent colony counts could be readily made. The Petri plate was then covered 
with a crystal quartz plate (to compensate for the quartz window of the thermo- 
pile) and the glass slide was set vertically in a mechanical stage, adapted for the 
purpose, which was rigged on the monochromator so that the agar surface and the 
thermo-elements could be brought into position alternately, in the same plane, 
behind the exit slit. The five areas, 4 X 24 mm., to be exposed on each plate, 
separated by 4 mm. control areas, were then successively located and centered 
by readings on the mechanical stage. Timed exposures, with monochromatic 
radiation, and at measured intensities, were made at room temperature, between 
20° and 22°C. Tests showed no appreciable variations within this temperature 
range. 

After exposure, the bacteria-strewn surface of the Petri plates was covered with 
a second layer of nutrient agar at 39°C. In the earlier experiments the use of this 
covering layer of agar had not been developed, and it was necessary to incubate 
the plates at 37.5°C. under frequent inspection and to count the colonies in the 
exposed and control areas as soon as they became clearly visible and before con- 
fluent growth occurred. Then it was found that a second layer of agar, flowed on 
after exposure to cover the bacteria, dislodged an inconsiderable number of them 
(tens, out of the many thousands on the plate) and that no significant error was 
introduced by its use. On the contrary, the fixation of the bacteria between two 
layers of agar practically prevented confluence, and made possible an overnight 
incubation and a more accurate colony count. 

For counting colonies, the exposed and control areas were located under the 
microscope by corresponding readings on a mechanical stage similar to that on the 
monochromator. A small central section of each area, measured between parallel 
lines and between stops on the mechanical stage, and corresponding approximately 
to the area of the thermopile junctions, was covered in each count. 

The experimental errors which this method of estimating bactericidal action 
involves are obvious. Variations in the house current affect the light source. 
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Incident energy may not be uniform over the entire surface exposed. Bacteria 
may occasionally oveiUe and partly protect one another, and uneven distribution 
makes appreciable variations in the counts used as controls. This last source of 
error is the most conspicuous and is largely responsible for the common variations 
in the results of single exposures in parallel experiments, as shown in Chart 2. If 
single experiments were used at each wave length, irregular bactericidal curves 
would result. But each of the curves reported is the average of smoothed curves 
from a number of parallel experiments, and since errors due to irregular distribu- 
tion fall indifferently above or below the line, the averages of these smoothed curves 
approximate closely the true course of the reaction. On the other hand, the use 
of such smoothed curves (Chart 1) to obtain the average of a number of experi- 
ments at each wave length precludes the inclusion of points on the final curves, 
lest they be interpreted as points of observation, rather than of statistical sum- 
mary, and thus give a false impression of experimental accuracy. Therefore it 
will be noted that a number of such curves in this series are reported without 
points. The alternate method of presentation, when many observations in parallel 
experiments are scattered irregularly along a common energy gradient, is to collect 
the points into groups and average them at successive energy levels. For com- 
parison this has been done in Table If, and the results plotted in Chart 2, together 
with all the single observations and with the curve obtained as the average of 
smoothed curves from each experiment. The close coincidence of the results of 
the two methods is apparent and would appear to justify the use of smoothed 
curves as the more acceptable representation of a continuously progressing reac- 
tion. 

Before proceeding to an analysis of the experimental results, it may 
be stated that the effects reported are due to direct action of ultra 
violet light on the exposed bacteria. Browning and Russ (3), and 
Coblentz and Fulton (8) reported, and experiments in this series have 
confirmed the observation that exposure of an uninoculated agar sur- 
face to bactericidal wave lengths and intensities of ultra violet light 
has no measurable effect on the growth of microorganisms subse- 
quently spread on the exposed areas, as compared with adjacent, 
unexposed controls. 

In reports on the bactericidal action of ultra violet light, it is usual 
to consider first the range of frequencies which are effective. But, 
as will be shown later, this element in the problem is so intimately 
related to the specific absorption of energy at different wave lengths 
that it seems best to defer a consideration of the energies involved at 
different wave lengths until the typical reaction of bacteria at a single 
W’ave length has been examined. 
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The Reaction to Monochromatic Ultra Violet Light 

The first experiments, then, deal with the typical reaction to mono- 
chromatic ultra violet light of an 18 hour culture of 5. aureus, spread 
on nutrient agar plates, at a temperature of 20°C, and a hydrogen ion 
concentration of 7.4. The protocol of a single experiment at wave 
length 266 mix is given in Table I and the smoothed curve of the find- 
ings in Chart 1. 


TABLE I 

A Single Experiment to Illustrate the Bactericidal Action oj Monochromatic Ultra 

Violet Energy 


S. aureus X266 mfi l/ll/lZ 

Galv. defl. 9.3 cm. Factor: 1 cm. defl. = 1.18 ergs per mm.^ sec. 
Incident energj’^ = 11 ergs per mm.^ sec. 


Exp. sea 

2 1 

4 

6 

8 

10 

12 

16 

20 

24 

30 

Controls* 

Energy ergs j 

22 

1 

44 

66 

1 

88 

no 



220 

264 

330 

Plate 

Plate No ! 

1 

2 

1 2 

Colonies 

52 j 

42 j 

38 

28 I 

23 1 

20 


10 j 

2 , 

0 

54^7 5+-58 

Per cent killed 

15 j 

31 1 

38 

54 

62 

. i 

64 

77 

82 

96 ; 

1 

100+ 

TT 56 

Plate No 

! 3 

i 

! 4 

i 3 4 

Colonies 

70 

! 64 j 

56 

|43i 

39 

1 32 

19 


7 

0 

87-80 78-82 

Per cent killed 

17 

24 

32 

149 

54 

60 

76 

86 

... 

! 91 

1 100+ 

Kumi^ 

Average killed per 












cent 

' 16 

28 

35 




77 

84 

94 

100+ 



* In later experiments control counts were made between each two adjacent 
exposed areas and Averaged in pairs across the plate. 


The ends of the curve would have to be obtained by extrapolation, 
for the least energy used killed some bacteria, and the greatest may 
have been more than sufficient to kill them all. The general trend of 
the reaction is to be seen, however, and the curve suggests that for 
the most part the relation of the incident ultra violet energy to its 
bactericidal action is logarithmic. 

A more complete and accurate curve is obtained by averaging 
smoothed curves from a number of experiments at the same wave 
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CriART 1. Course of the bactericidal action of monochromatic ultra violet cnerg>' in a single experiment. 
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length, which has been done at each wave length studied. Then the 
initial and the total bactericidal energies are much more closely ap- 
proximated, and a curve may be drawn to illustrate the lethal effect 
from 0 to 100 per cent. Such a curve, the average of smoothed curves 
from 17 series of observations at X254 m^i is shown in Chart 2. In 
this chart all the experimental observations are recorded, and points 
have been included which were obtained by an alternate method of 
summarizing these observations, as is shown in Table II. Although 
' approximately the same range of monochromatic energy was covered 
in each experiment,, the separate exposures were timed differently on 
different days. Hence all the single points in these 17 experiments 
had to be collected into groups, and averaged at the mid-point of each 
successive range of incident energies, as indicated. 


TABLE II 


Summary of Observations on the Bactericidal Action of UltraViolet Energy at X254 m/j 


Energy levels (ergs per 
mm.*) 


20 - 40 - 60 -* 80 - 100 


120 - 140 - 180 - 220 - 260 - 300 - 340 


Point of average (ergs) 

30 

50 

70 

90 

no 

130 


200. 

240 

280 

320 

No. of observations.. . 

22 

18 

17 

11 

13 

10 

n 

12 

10 

4 

6 

Average per cent killed 

13 

25 

36 

50 

59 

66 

m 

88 

94 

1 97 

99 


In Chart 3 this curve at X254 mju has been included with similar 
curves obtained at each wave length examined, all drawn with the 
incident energy recorded on a logarithmic scale. The significance 
of the fact that very different energies are involved at different wave 
lengths is reserved for later consideration. But regardless of the 
absolute energies involved, the curves are so similar as to indicate 
that the reaction at any one wave length is typical of them all. Each 
curve shows four successive periods of reaction, clearly seen also in 
Chart 4 in which all the curves of Chart 3 have been made comparable, 
and averaged, by expressing the energies, as well as the bacteria 
killed, in terms of 100 per cent. 

1. In an initial period of exposure no bacteria succumb. The 
energy incident before any bactericidal effect is observed is between 
6 and 7 per cent of that required to kill all the organisms. 
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Chart 3. Incident energies required for bactericidal action at various wave lengths in the ultra violet. 
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2. After this initial exposure a considerable number of bacteria, 
between 20 and 30 per cent, are destroyed by less ultra violet energy 
than would be predicted from the rate of destruction for the remainder 
of the group. They seem to be less resistant than the rest. 



5 6 S / e 3 4 S G e / 

/o* /o' 


Chart 4. Smooth curve for all wave lengths shown in Chart 3, averaged 
by figuring the different incident energies from 0 to 100 per cent. 

3. Then a considerable number of the remaining bacteria, to about 
70 or 80 per cent of the total number, succumb along an energy gra- 
dient that appears to bear an exponential relationship to its lethal 
effect. In Charts 3 and 4, this section of the curves is a straight line. 

4. In the final period a number of organisms remain which require 
an excess of energy to kill them. 

Before the significance of the curve, as a whole, can be discussed, 
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consideration must be given to a number of factors that obviously 
affect it. 

The presence of an initial period of exposure from the effects of 
which no bacteria succumb was attested by every experiment in 
which small energies were used. The error introduced by variations 
in distribution hindered the attempt to determine the initial energies 
involved in single experiments, so the effect of small energies was sub- 
jected to special investigation. 

In an experiment at X254 mu, 23 plates of .S’, aurevs were exposed to small 
energies, from 7.6 to 32.8 ergs per sq. mm., and it was found that the counts 
approached the control figures within the common limit of error, and no progressive 
action was evident in this experiment, imtil the 32.8 ergs exposure was reached. 
Then 18.2 per cent of the ejqjosed bacteria failed to multiply. 

The fact that bacteria must be exposed to an appreciable ultra 
violet energy before any of them are killed is evidence that a smnma- 
tion of reactions is involved which finally results in the death of the 
organisms. But since all the bacteria are exposed to an equal energy, 
this initial summation effect does not explain why certain organisms 
are the first to succumb, or why the organisms are not all killed by the 
same total energy. 

The observation that the first 20 to 30 per cent of the cocci suc- 
cumbed to unduly small energies, but at an increasing rate, until an 
exponential energy relationship was established, seems to indicate a 
special susceptibility. And the apparently increased resistance of 
the last 10 per cent to be killed also suggests that the age and relative 
resistance of individual bacteria in an 18 hour culture must be taken 
into consideration. An agar slant culture of S. aureus, incubated at 
37.5°C., for 18 hours, has not yet reached the limit of multiplication, 
and contains many organisms but recently divided and in an active 
metabolic state. It is known that young bacteria are less resistant 
to ultra violet light than are older, resting organisms (11), and the 
following experiment shows the greater susceptibility of young individ- 
uals in the strain of S. aureus under test. 

Plates were seeded with distilled water suspensions of broth cultures 
of .S', aureus, grown at 37.5°C. for 4, 28, and 52 hours respectively, and 
were exposed to X254 m/i. No differences could be detected in the 
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morphology of colonies which subsequently grew out in the various 
exposed and control areas, but Chart 5 (from smoothed curves) shows 
that the recently divided and genetically and metabolically active 


mu 



Chart 5. Differences in the course of the bactericidal reaction due to differ- 
ences in age of the cultures employed. 

A = A hrs. old. 

= 28 “ 

C - 52 “ “ 

bacteria in the 4 hour cultures were appreciably less resistant to the 
ultra violet energy. This relation between genetic activity and sus- 
ceptibility to ultra violet radiation will be discussed in the final paper 
of this study. 

It is interesting to note that the incident energy involved in the 
destruction of the 4 hour culture, in which most of the organisms would 
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fall in the same genetically active age group, apparently increases 
logarithmically from the beginning. This is additional evidence that 
the initial deaths in older cultures are of young and especially sus- 
ceptible organisms. The cause of the terminal decrease in the rate 
of destruction cannot be stated with equal assurance. Unduly long 
exposures were required to kill the last survivors from each culture. 
But it is not certain whether, due to age or metabolic condition, these 
bacteria were individually more fesistant, or whether they were par- 
tially protected in some way from the light. It is possible that small 
clumps of organisms may persist in the suspensions used, so that some 
bacteria are overlaid and partially protected. But microscopic slide 
preparations of many of the suspensions have failed to disclose clumps 
large enough to afford such protection, and, on the other hand, cocci 
from colonies of the last surviving organisms have proved to be in- 
herently no more than normally resistant to ultra violet light. 

Here may be mentioned an observation which has sometimes led 
investigators astray. If plates are thickly stewn with bacteria, the 
resulting colonies are smaller than when nutrient substances are not 
so limited per colony, and waste products do not accumulate so fast. 
When few bacteria survive in the middle of an exposed area, or when 
relatively few are left at the edges, where the intensity falls away, the 
colonies they produce are always much larger than those in the more 
crowded control areas of the plate. This has been interpreted to 
indicate a stimulating action of the light on exposed organisms that 
were not actually killed (3). But it is only necessary to dilute the 
original suspension and plate it out on the same medium, so that un- 
exposed organisms are spaced as widely as the survivors in exposed 
areas are, to determine the source of the more active multiplication 
and consequent large colonies. Cohlentz and Fulton (8) have noted 
the large colonies from surviving bacteria and have given this explana- 
tion of their development. 

These experiments, therefore, give no evidence of a stiinulating 
effect of ultra \dolet light in sublethal doses on the subsequent multi- 
plication of bacteria. They show that there must be a summation of 
reactions due to radiant energy before any organisms succumb, and 
that the bacteria of an 18 hour culture show individual variations in 
their resistance to monochromatic ultra violet light. 
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DISCUSSION 

The characteristic shape of the empirical curve for the bactericidal 
action of ultra violet light on 5. aureus (Chart 4) invites an inquiry as 
to its significance. For it is another example to add to a growing list 
of experimental biological reactions in which, during most of its course, 
the reaction rate seems to depend upon the number of reacting units 
present at the given time. 

It is typical of these reactions, such as the killing of bacteria by 
disinfectants (12, i 3, 14), the limitation of the duration of life of fruit 
flies by untoward conditions of environment (15), or the hemolysis 
of erythrocytes by specific antibodies, or by ultra violet light (16) 
that the middle portion of the experimental curve may be reproduced 
mathematically by the equation that also describes the course of 
monomolecular chemical reactions. The formula tempts one to 
speculate, by analogy, on the nature of the fundamental biological 
reactions involved. But it is equally typical, and important, that 
toward the ends of the reaction curve the monomolecular reaction 
formula does not hold good. For example, in the reaction under 
discussion, there is an initial period of exposure, and consequent sum- 
mation of its first effects, before any bactericidal action becomes 
apparent, and after' the beginning of the reaction the reaction rate 
lags for a time before its maximum velocity is attained, although at 
first the maximum number of cells is exposed to the ultra violet energy. 
As the surviving units become relatively few, the velocity of the reac- 
tion again drops below prediction, and an excess of energy is required 
before the final bacteria succumb. The characteristic shape of these 
experimental curves for various biological reactions, with its similarity 
to the monomolecular reaction curve, and its equally essential differ- 
ences, has given rise to extended discussions of its significance. It is 
generally recognized that differences in resistance must and do occur 
in heterogenous groups of biological units, such as fruit flies or bac- 
teria, or erythrocytes, in vitro. If these differences in resistance are 
essential factors in the reaction of the individual, they must essen- 
tially modify the course of the reaction of the group. Under such 
circumstances, the course of the reaction depends on the distribution 
among the units of the factors causing resistance, and so the rate is 
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determined by probability rather than by the fundamental character 
of the reaction, and the appropriate curve with which to compare the 
rate is the “mortality curve” of insurance statistics (Chart 6). Then 


"K- 238— 302 mu 



Chart 6. The data of Chart 4 refigured as a curve of probability. 


the similarity of its middle portion to the course of a monomolecular 
reaction is to be ascribed to coincidence within the limits of experi- 
mental error — a distribution of resistance factors that simulates a 
logarithmic curve (15). On the other hand, proponents of the mono- 
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molecular reaction hypothesis insist that individual resistance varies 
only within relatively narrow limits, and when large numbers of units 
are under observation the differences in resistance may be disregarded, 
while the similarity to a raonomolecular reaction persists. 

These two opposed points of view are fully reviewed and defended 
by Brooks (16) and by Cohen (14). At best, the two interpreta- 
tions affect only the theory of the course of the reactions and throw 
no light upon their fundamental nature in the various objects under 
test, as both writers are careful to insist. 

The curves for the bactericidal effect of ultra violet light on S. 
attreus are evidently open to either interpretation. Experimental 
evidence of variations in individual resistance according to age 
stresses the importance of this factor in determining the course of 
the reaction. Partial elimination of the age factor by the use of 
young bacteria produces a reaction curve more nearly logarithmic at 
the start. But the most that can be said is that the rate of the 
fundamental reaction, whatever it may be, is undoubtedly modified 
by variations in individual resistance, and by variations in experi- 
mental conditions that mask its true course and make futile any 
attempt at exact interpretation. And the particular biophysical 
reactions in each bacterium that result in its death cannot be further 
analyzed merely from a series of observations on the incident energies 
that are involved at single wave lengths. A second essential factor 
in such an analysis — the relation oi the incident energy at each wave 
length to that absorbed by the exposed bacteria — ^will be considered 
in a later paper of the series. 


SUMatARY 

In this first paper of a series on the bactericidal action of ultra 
violet light the methods of isolating and measuring monochromatic 
radiations, of preparing and exposing the bacteria, and of estimating 
the effects of exposure, are given in detail. 

At all the different wave lengths studied the reactions of S. aureus 
followed similar curves, but occurred, at each wave length, at a differ- 
ent energy level. The general similarity of these curves to those for 
monomolecular reactions provokes a discussion of their signifiance, 
and emphasis is laid upon variations in susceptibility of individ- 
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nal organisms, due especially to age and metabolic activity, so that 
the typical curve seems to be best interpreted as one of probability. 
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A STUDY OF THE BACTERICIDAL ACTION OF ULTRA 
VIOLET LIGHT 


H. The Effect of Various Envirokmenxal Factors and 
Conditions 

By FREDERICK L. GATES 

(Frow the Laboratories oj The Rock^eller Institute jor ZIedical Research) 
(Accepted {or publication, August 4, 1929) 

The first paper of this series (l) dealt with, the reaction of an 18 
hour culture of Staphylococcus aureus to monochromatic ultra violet 
energy, and it was shown that the course of the reaction was the same 
at each wave length studied. A consideration of certain factors, such 
as age and metabolic activity, in the resistance of individual bacteria 
gave a partial e^qilanation of the course of the reaction among large 
numbers of organisms. But very different total incident energies were 
required at different wave lengths to produce these similar effects and 
an examination of energy relationships and the spectral limits of the 
bactericidal region was reserved for later consideration. 

Before Caking up the relation between inddent energy and the coeffi- 
cid!^ of light absorption at different wave lengths, a relation essential 
to an analysis of the structural elements in bacteria which are affected 
by light, and to the nature of the resulting reactions, it seems desirable 
to estimate the effect on the reaction of various conditions of experi- 
ment and certain factors in the environment for which due allowance 
must be made. 

The present paper, therefore, will deal with; 

(1) The relation between the intensity of the incident energ>" and 
the time required for bacterial destruction (the Bunsen-Roscoe Law). 
(2) The spectral limits of bactericidal action. (3) The teijiperature 
coefficient of the bactericidal reaction. (4) The effect of the hydro- 
gen ion concentration of the substrate. (5) The effect of polarization 
of the ultra violet radiation. 
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The Bunsen-Roscoe Law 

Within the bactericidal zone examined in these experiments (X238 
to X302 m^) widely different incident energies were required at different 
wave lengths to produce similar effects, and since the available source 
intensities at these wave lengths differed considerably among them- 
selves, it became necessary to know the effect of different intensities 
on total energies; i.e. to determine the validity for these experiments 
of the Bunsen-Roscoe reciprocity law of photochemistry (2) that 
when the product of intensity and exposure-time is constant a con- 
stant photochemical reaction results. The law does not hold 
with exactness in certain reactions, and has been modified by 
Schwartzschild (3) for photographic blackening. Coblentz and Fulton 
(4) studying the bactericidal action of ultra violet light and employing 
source intensities in the ratio of i : iV : -bV found that with low intensi- 
ties a “proportionate increasein the time of exposure falls short of bring- 
ing about an equal killing effect.” An intensity reduction to -bV re- 
quired an increase of X 75 in the exposure time to obtain a comparable 
reaction. This corresponds to a Schwartzschild exponent for the bac- 
tericidal reaction of 1.25. When such low intensities and correspond- 
ingly long exposures are used with living test objects like bacteria, 
the fact that the organisms may undergo metabolic or genetic changes 
during the exposure period must be taken into account, for such 
changes might themselves modify the reaction. Such wide differences 
in intensity as 1 and 50 did not enter into the present study, and 
Chart 1 illustrates the difference in effect of the extremes of intensity 
involved. 

In the irradiation of ff. aureus at X266 m/x six series of plates were 
exposed to an average intensity of 21.6 ergs per mm.® sec. and four 
to an intensity of 5.6 ergs per mm.® sec. for proportionately longer 
periods. The averages of these determinations from smoothed curves 
of each series of bacterial counts (Chart 1*) show that at the lower 
incident intensity fewer bacteria were killed during most of the reac- 
tion period. But it is also evident that the curves for low and high 
incident intensity approach each other as the reaction progresses and 
the total energies involved in complete destruction are the same. 

* The absence of points on the curves is explained in the first paper. 
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The differences in the curves would indicate, as suggested above, 
that it is the younger, metabolically or genetically active organisms 
■which show the greater differences in response to differences in inten- 
sity. Since this difference in response varies continuously during the 



CoAiiT 1. Effect on the bactericidal reaction of different intensities of incident 
radiation. 

A e= 21.6 ergs per mm.® sec. 

B = 5.6 " » “ “ 

course of the reaction, decreasing as more and more organisms are 
killed, it is not possible to determine a Schwartzschild exponent except 
for one point on the curve. Thus at 10 per cent destruction the 
Schwartzschild modification {P T - K) of the Bunsen-Roscoe equa- 
tion requires as an exponent, q « 1.12 while for 50 per cent destruc- 
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tion differences in intensity must be raised to the 1.08 power in order 
to determine a time factor that will give the same effect. Except for 
X302 mil the intensities did not differ at the various wave lengths as 
widely as those illustrated in this experiment, so it is doubtful if 
greater accuracy would have been attained by adherence to the use of 
similar intensities at each wave length in the bactericidal range. 

The Wave Length Limits of Bactericidal Action 

The wave lengths 238m/i and 302mja noted in the first paper do 
not define the limits of the bactericidal region of ultra violet light, 
but simply boimd the zone in which complete curves for the lethal 
action were obtained in the present study. Early observations indi- 
cated some bactericidal action at X313 mii also, but in later experi- 
ments in which stray reflected light was more rigorously excluded even 
very large energies had no appreciable effect at X313 m/i. Thirty 
minute exposures to the 334 m/i and the 366 mfi fines also failed to 
reduce subsequent colony formation in the exposed areas, and because 
of other factors, such as metabolic changes in the bacteria, which 
vitiate quantitative energy determinations with such long exposures, 
the investigation was not pursued farther in this direction. Other 
investigators have variously estimated the longer wave length limit 
of bactericidal action from 295-6 (5, 6) to 350-366 (7, 4) and 

even into the visible region. Exposures measured in hours (8), 
however, are of questionable significance, and it seems improbable 
that in such instances the death of the organisms is due to the direct 
action of the ultra violet light. 

So also with the shorter wave lengths of the far ultra violet, no 
attempt was made to find and measure a limit to the bactericidal zone. 

A few experiments with the weak mercury arc lines at X234, 230, and 
225 mju established only the middle portion of the curves of lethal 
action, for the low intensities available at these wave lengths prolonged 
exposures and so increased the difficulty of obtaining accurate results. 

Mashimo (5) using an iron spark before a spectrograph in which 
bacteria were exposed on nutrient agar plates found that with long 
exposures (150-300 minutes) the limits of bactericidal action on B. coli 
were X2948-86 and XI856 A. u., the limit of air transmission. Lyman 
(9) had already shown a bactericidal effect of radiations below X186 



KhtED PER CENT 


FREDERICK L. GATES 


253 


mju and Bovie (10) had extended the lower limit to M25 m/x by the 
use of a fluorite window before a hydrogen discharge tube. Although 
no energy measurements were undertaken he found these Schumann 
waves highly destructive to protoplasm, so that only short exposures 
were required for a lethal effect. 



Chart 2. Temperature coefficient of bactericidal action. 

.4 at 36”C. 

J5 at 21®C. 

C at S®C, 

The Temperature Coefficient of the Bactericidal Reaction 

Of primary importance in determining whether the bactericidal 
activity of ultra violet light is physical or chemical in nature is the 
temperature coefficient of the reaction. For although, as Cohen (11) 
points out, the generalization that the temperature coefficient of physi- 
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cal reactions is about 1 and of chemical reactions usually above 2 rests 
on a purely empirical basis, enough e^erimental evidence has accumu- 
lated to warrant a deduction when the observations are clearcut and 
striking. Even when, in biological experiments, reactions with differ- 
‘ ent temperature coefficients may be progressing simultaneously (12), 
an observed coefficient for the sum of the reactions which approaches 
1 rather than 2 stresses the physical side of the complex. Such was 
the finding in the present study. 

As already stated, most of the exposures were carried out at room 
temperatures between 20 and 22'’C., a range of variation which proved 


TABLE I 

The Temperature Coefficient of Bactericidal Action 

X 254 mu 


Killed ■ 

Energy in ergs per nun.- required 

Reciprocal of 
energy ratio for 
3ra 

Reciprocal for lO^C. 
(temperature coeffi- 
cient) 

. 

At 5“C. 

At 36"C. 

per cent 

20 

58 

40 

1,45 

,1.13 

40 

98 

70 

1.40 

1.11 

60 

148 

no 

1.35 ^ 


SO 

220 

172 

1.28 


100 

380 

316 

1.20 




• 


1,096 


to have no demonstrable effect upon the bactericidal reaction. This 
observation indicated a low temperature coefficient and pointed to a 
basic reaction physical rather than chemical in nature. But as further 
evidence, a special series of experiments was made over a much wider 
temperature range in order to obtain the coefficient for a rise of ten 
degrees in the environment. 

Three series of observations at X254 were run in parallel, with 
the agar medium on which the S. aureus were strewn maintained at 
5°, 21°, or 36°C. during exposure. Thus three groups of bacteria were 
exposed to the same range of ultra violet energy, but underwent at 
different temperatures the reactions that resulted in their deaths. 
The smoothed curves summarizing the experiments are shown in 
Chart 2, and from these curves the temperature coefficient of the 
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bactericidal reaction may be figured, for the coefficient would be the 
reciprocal of the ratio of energies required to produce the same effects 
at a difference of in the reaction temperature. The ratios of 
energies involved at 5° and at 36® are shown in Table I, and the re- 
ciprocal of these ratios for a change of 10° is found to vary between 
1.06 and 1.13, a range of difference within the limits of experimental 
error. When averaged over the entire course of the reaction, the 
temperature coefficient is found to be appro.ximately 1.1. Obviously 
this is the temperature coefficient of a physical (or purely photo- 
chemical) rather than a chemical reaction and it suggests that the 
lethal effect is a direct result of the absorption of ultra violet energy 
by some essential element, or elements, of the bacterial protoplasm. 

The coefficient of 1.06 for the bactericidal reaction when all the 
organisms are killed (see Table I) is in agreement with the coefficient 
of 1.05 found by Bayne- Jones and von der Lingen (7) for bacteria 
exposed in a fluid medium to the total radiations of a zinc spark. They 
were unable to confirm the reports of Thiele and Wolf (13) and of 
Wiesner (14) that an increase in temperature extended the bactericidal 
zone in the direction of longer wave lengths. Cernovodeanu and 
Henri (8) found no effects of changes in temperature on the bacteri- 
cidal reaction, but the methods used would not have revealed a coeffi- 
cient of 1.05 or 1.06. 

Hydrogen Ion Concentration 

The nearest approach to a variation in the hydrogen ion concentra- 
tion of the bacterial protoplasm vras afforded by exposing the test 
organisms on agar media of different alkalinities. 

The veal-peptone 2 per cent agar medium used uniformly in the scries was made 
up without buffer, and flasks of it were titrated with ~ IICl to pH 4.5 and 6.0, 

estimated colorimetrically, and with - NaOH to pH 7.5, 9.Q and 10.0 respectively. 

Small Petri plates of these media were then washed with 5, anrem and exposed in 
the usual manner to X266 ro/i of the mercury arc spectrum. After exposure all 
the plates were layered with buffered agar at pH 7.4 and incubated at 37.5*C. over- 
night. The buffered agar did not bring the hydrogen ion concentration of all the 
media to 7.4 but to values between 5.5 and 8.2, and within this range no appreciable 
difference w.as obser\'ed in the number of colonies in equal control ai 
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Counts of 9 plates at each pH (in 3 parallel experiments) are aver- 
aged in Table II and the corresponding smoothed curves are shown 

TABLE II 


Bocleria Killed, Pev Cent, ul Diffeveut Sydrogcii Ion Coitceiifraiiotis 
X 266 m/i 


Energj' in ergs per mm.^rpH 

100 

150 

200 

250 

300 

4.5 ' 

43 

63 

— 

85 

95 

6.0 

44 

62 


89 

96 

7.5 

42 

67 

WEm 

87 

96 

Average 4.5, 6, 7.5 

43 

64 

76 

87 

96 

1 

9.0 

53 

71 

83 

93 

1 99 

10.0 

52 

69 

80 

89 

97 



Chart 3. Bacteria killed per cent at various hydrogen ion concentrations of 
the medium. 

^ = pH 9.0 O 
5 = pH 10.0 A 

C = pH 4.5, 6.0, and 7.5 (averaged) □ 

in Chart 3, except that the points for pH 4.5, 6.0 and 7.5 are so nearly 
alike that they have been averaged and a single curve drawn through 
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them in the chart. The figures for pH 9 and 10 approach this average 
vdthin the accepted limit of error of the method, but since they are 
uniformly higher, tliey may indicate a real difference, at these hydro* 
gen ion concentrations, in the susceptibility of 5. aureus to ultra violet 
light. Possibly the higher death rates are due to a less favorable 
environment for the subsequent recovery and multiplication of dam* 
aged cells. It is evident that the difference is not so great as to war* 
rant positive deductions to be drawn from these experiments, and one 
may conclude, on the contrary, that with the methods employed, 
variations in the hydrogen ion concentration of the substrate between 
4.5 and 7.5 would have no appreciable effect upon the bactericidal 
reaction. Within the range pH 4.5 to 9.0 these results are in accord 
with those of Bayn e-Jones and von der Lingen (7) who found but slight 
variation in the time required to hill staphylococcus in an alkaline 
fluid medium. When acid media were used, however, the bacteri- 
cidal action was greatly accelerated and at pH 2 all the exposed bac- 
teria were killed in 2 seconds exposure, although at pH 6 to 8 the same 
radiations had required 22 seconds for the same effect. 

The Effect of Polarization of the Tncideni Light 

Unless test objects are crystals, or have some plane of symmetry in 
which they may be placed with respect to a plane of polarization it is 
difficult to see how polarized light can have a special and significant 
effect upon them. Yet many examples could be collected from folk 
lore and from the literature of the alleged biological action of polarized, 
as distinguished from unpolarized light. This series of experiments 
afforded an opportunity to determine with measured energies under 
controlled conditions whether polarization made any difference what- 
ever in the bactericidal action of ultra violet radiation. 

After passage through the monochromatic illuminator, the line at 254 raft was 
polarized by reflection from a plane quartz surface at the polarizing angle so that 
no measurable energy traversed a Nicol prism set at 9(P to the plane. After 
removal of the Nicol prism from the path, this polarized monochromatic light was 
measured in ergs per mm.* sec. by means of the thermocouple and galvanometer, 
and then used to irradiate 5, aureus spread on agar plates in the manner already 
described. Controls were obtained by “depolarizing” the light by a polished plate 
of crystal quartz. Rotation of a Nicol prism in the beam of depolarized light no 
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Chart 4. A comparison of the action of (yi) depolarized and (B) polarized ultra violet 
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longer varied its intensity appreciably. The energy incident on the agar plates 
was again measured with thermocouple and galvanometer so that a quantitative 
comparison between the bactericidal action of polarized and depolarized light 
could be made. 

With this set-up eleven series of determinations were made, and the 
averages are shown in Chart 4. It is obvious that the effects of the 
polarized and depolarized light are identical, for the differences in the 
curves are well within the limit of error. That these experiments 
with polarized and depolarized energy are dosely comparable with 
those done more than two years earlier with unpolarized light (Chart 
2, Paper I) is further evidence that plane polarization has no observa- 
ble effect upon the bactericidal activity of ultra violet radiation. 

smaiARY 

1. Wide differences in the intensity of incident ultra violet energy 
arc not accurately compensated by corresponding changes in the ex- 
posure time, so that the Bunsen-Roscoe reciprocity law does not hold, 
strictly, especially for bactericidal action on young, metabolically and 
genetically active bacteria. In the present series of experiments, 
however, the energies used at various wdve lengths did not differ by 
so much as to cause a significant error in the reported reacrions. 

2. The longer wave length limit of a direct bactericidal action on 
5. aurcits was found to be between 302 and 313 mAt. The shorter 
limit was not determined because the long exposures required vitiate 
quantitative results. Bactericidal action was observed at X225 m/x. 

3. The temperature coefficient of the bactericidal reaction ap- 
proaches 1 and thus furnishes empirical evidence that the direct action 
of ultra violet light on bacteria is essentially physical or photochemical 
in character. 

4. The hydrogen ion concentration of the environment has no 
appreciable effect upon the bactericidal reaction between the limits 
of pH 4.5 and 7.5. At pH 9 and 10 evidence of a slight but definite 
increase in bacterial susceptibility was noted, but this difference may* 
have been due to a less favorable environment for subsequent recovery 
and multiplication of injured organisms. 

5. Plane polarization of incident ultra violet radiation^ has no de- 
monstrable effect upon its bactericidal action. 
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In a third paper of this group the ratios of incident to absorbed 
ultra violet energy at various wave len^hs and the significance of 
these relations in an analysis of the bactericidal reaction will be 
discussed. 
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THE IQNETICS OF PENETRATION 
I. Equations tor the Entrance or Electrolytes 
By Vf , J. V. OSTERHOUT 

{From ihe Laboratories oj The RochefcUer Institute for Medical Research) 
(Accepted for publication, May 31, 1929) 

Difficulties in picturing the mechanism of permeability, and in 
deciding whether ions can enter clearly indicate the need of mathe- 
matical treatment. The brief outline which follows represents merely 
a preliminary attempt in this direction. 

A convenient method of approach is to consider the penetration* 
of a weak acid, HA, into a living cell when it is the only external 
solute present (conditions being such that penetration of molecules 
follows a curve of the first order’). If we assume that the activity 
coefficient is 1 we may define the permeability of the protoplasm as 
equal to the quantity of penetrating substance passing through 1 
sq. cm. of protoplasmic surface into the vacuole in unit time under 
unit concentration (activity) difference.’ 

Case f. Molecitlcs Alone Enter. Let us begin by writing 

Pii » 

where Pit is the permeability of the protoplasm for molecules, Dm 
is the net rate of progress of molecules through the protoplasm,^ 

* Cf. Osterhout, \V. J. V., Proc. Soc. Exp, Biol, and Med., 1928-29, 26, 192. 

’ E.g,, ■when the inside is stirred by convection currents or by protoplasmic 
motion and the outside is also stirred. According to J. H. Northrop (private 
communication) the curve may in some cases be of the first order even if there 
is no internal stirring, but in that case the time required to diffuse from the 
surface to the interior of the cell may become the determining factor. 

That the penetration may follow a curve of the first order when the sap is 
stirred by protoplasmic motion is evident from the experiments of Invin (/. Gen. 
Physiol, 1925-28, 8, U7). 

® This formula follows in a general way that of Northrop (/. Gen. Physiol., 
1928-29, 12, 435) for penetration through collodion membranes. For molecules 
■we have unit concentration difference when Mo M, ~ I. 

* This is equal to the reciprocal of the time required to pass through and depends 
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Gm is a collision factor (such that if one-half of the molecules reaching 
the surface pass through the protoplasm® we may put Gu = 0.5); 
and is a proportionality factor. Let us assume for simplicity 
that a base ROK (produced by the cell) is the only solute of im- 
portance inside and that it tends to act ,as a buffer® and yields the 

not only on the thickness of the protoplasm but on other factors which may be 
chemical or physical. In the case of ions the value of D will be intermediate 
between that of the slower and that of the faster ion. 

In case we are considering only penetration through the outer surface into the 
protoplasm (not into the vacuole) Dm and Pm must be modified accordingly. 

If the diffusion gradient be kept constant a steady state will be reached in which 
the amoxmt entering the outer surface of the protoplasm in unit time will be 
equal to the amount leaving the inner surface and passing into the vacuole {cf, 
Northrop, J. H., 7, Gen> Physiol.^ 1928-29, 12, 435). We assume for convenience 
that the protoplasmic la 3 ''er is so thin that we may neglect the time necessary to 
reach the steady state (but no actual steady state is assumed for the cases dis- 
cussed in this paper since the diffusion gradient is not constant). 

® The factor G is intended to cover the situation regardless of whether the pene- 
tration depends on passage through pores, on chemical combination, or on solu- 
bihty (c/. Northrop, J. H., 7. Gen. PhysioLy 1928-29, 12, 435), The presence of 
pores in the surface of the protoplasm would seem less probable since the rounding 
up of drops of protoplasm in water indicates that the surface acts like a liquid but 
it is not impossible that a thin film (solid or gel) might overlie the liquid (as 
in the case of a drop of mercury covered with a solid film). In that case water- 
soluble substances might pass through the pores and lipoid-soluble substances 
through the substance surrounding the pores. 

At any rate we must consider penetration through more than one phase since it 
would appear that protoplasm may contain several Ia 3 ^ers. {Cf. Osterhout, 
W. J. V., and Harris, E. S,, 7. Gen. Physiol. ^ 1927-28, 11, 391; also Osterhout, 
W. J. V., Damon, E. B., and Jacques, A. G., 7. Gen. Physiol.^ 1927-28, 11, 193.) 

® In this paper we shall neglect any change of internal pH produced by the 
entrance of small amounts of HA or NaA unless otherwise stated. As an example 
of what is meant let us assume that at the start Mo - 10"^ mols per liter, Ao 
= 10-S, Ho - iO“S, ROU = ^ lQ-3.m84^ OH,* - 10-3.0!)784^ 

H,* = and Mi = A,* = 0, the corresponding values at equilibrium 

being Mo, = 10-^, Ao, = 10-^, ROH, = R, = 

OHfe = 10“^, H;< = 10“^®, Mil = 10-^ and Ai, = 10“®. We assume that the 
dissociation constant Kb for ROH = 10"* and for IL4 = 10"'* = K. These 
figures satisfy the conditions for a Donnan equilibrium since (H<,e) (Aoe) ~ 
(H,v) (Aie): abo R^ + H,« = Au + OH/j. It may be noted that there is little 
change in pH value due to the entrance of HA (i.e., the change is from Hie = 
1O-IO.002I6 to H/e = 10-'®). 



■\v. J. V. OSTERHOUT 


263 


cation i?+ which is unable to pass out. If the dissociation constant 
of 'HA is K we have (H<,)(i4s) *= KU„ and (H/)(i4i) - KM it where the 
subscript o denotes outside and i inside, M denotes the concentration 
(activity’) of molecules, and H and A that of the ions. If we may 
assume that the presence of J^OH provides the condition for a Don- 
nan equilibrium we may consider that at equilibrium (Hoff)(-^«) 
— (H/e)(i4,>) and Mce = Muf where the subscript e denotes con- 
centration (activity’) at equilibrium. 

We assume that the internal volume is 1 liter® and that the outside 
concentration is kept constant.® Hence at the beginning (when Mi 
= 0) if Afo — 1000 millimols per liter and Fii = 0.01 the amount 
entering in the first unit of rime is PsiMo and if we assume for 
convenience that nothing passes out during the first unit of rime the 
concentration at the end of the first unit of rime is FmMo or 10 milli- 
mols per liter. How much of this remains in molecular form after 
entering depends on the internal pH value which determines the 
fractional concentration, Fu, of molecules inside.® We may put 

^ ‘ I, 

Fii ~ -rz — ; — r and since A * = we have 
Mi + xt.- 


Fa 


Afi-f 


Hi 



The fractional concentration of A'' inside, I*’/, is 

Ai ^ Aj ^ 

ili -h Jl/i “ ^ . , HMi ", . Hi 


Fa^ 


AiA- 


1 + 


A- 


We shall for convenience assume Fa and Fa to be constant for any 
one time curve. 


’ In case the activity coefBdent does not equal 1 the treatment must he 
altered accordingly but this involves no difficulty. 

the total internal volume of all the cells taken together is I liter. 

® If the pH value inside falls during the penetration Fa will increase and the 
velocity constant TjU will become greater since Va = FuFa, it is as though 
the temperature were to be slowly raised during a chemical reaction of the first 
order. (The same would be true if the pH value rose during the penetration of 
a base.) 
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It is evident that the inward diffusion is proportional to Pm and 
to the difference in concentration {i.e., to Mo ~ Af;)/” so that if Si = 
Mi + Ai the net amount entering in unit time may be regarded as 

dSi 

~ = Pu(Mo — Mi) 
at 

It may be more convenient in the subsequent discussion to assume 
that there is an inward diffusion proceeding as though Mi and Ai 
were always zero and an outward diffusion proceeding as though 
Mo and Ao were always zero. In that case the amount entering in 
unit time would be PuMo and the amount coming out would be 
PuMi, so that the net amount entering would be 
dS* 

~ = PmMo — PuMi = Pm(Mo — Mi) 
at 


Since Mo = Mh we have 


dt 


= PjuiMio - Mi) 


where the subscript e denotes concentration at equilibrium. If we 

Fii 

multiply the right-hand side of the equation by ~ we have 

Fm 


~ - PuFm 

dt 


Mie Mi 
Fm Fii 


= PMFM{Sie — Si) 


Putting PmFm = Vm we have 


== VMi.Sit — Si) 

at 


and 


T/ ^ 1 

Vm = — toe 


/ Sio - Si 


We may also put 


^ = V3dFASio - FaSi) = VMiAu - Ai) 

at dt 


If a substance must combine with a constituent of the protoplasm in order to 
enter, the rate of penetration is not a linear function of Mo - Mi but may closely 
approximate it in many cases. This would also apply to the penetration of ions. 
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and 


Also” 


and” 


Vm 


iln. 

t 


Ait 

Ait--Ai 


di 


at 



Ui, 
Mit - 


This may be illustrated as follows. If the time unit be suffidently short we 
may regard the rate as uniform during any one interval and if at the beginning 
Mi = .<4; = 0 we may assume that during the first interval of time the egress is 
negligible. If Zfo ^ iOQO milHmols per liter, Pit = 0.01, and Fit = 0.1 the 
amount leaving the external solution in the first unit of time is PuMo * 
(0.01) (1000) = 10 of which all but 1 is converted into ions after entering so that 
the increase in Afi is PjuilfoFji = (0.01) (1000) (0.1) = 1, Putting Pjj Fir == Fjr, 
the apparent velocity constant of the process, we have 




(whence Pm =■ 0.01). During the next vmit of time a part of this escapes by out- 
ward diSusion: if we regarded this as Pm Mi we should have PsrZIi =» (0.0i)(l) 
= 0,01, but when this has passed out we have inside 0.99 3/,* and 9 ^4,* so that 
Mi + At = 9.99; but ions must combine until we have Mt *=* Fj/(Ai'{ -h .di) 
« (0.1) (9.99) >= 0.999 so that the real loss of Zti = 1 — 0.999 = 0.001 or *= 
PuZliFii = (0,01) Cl) (0.1) = 0.001. The amount of Mi coming in during the 
second unit of time is, as before, PmFmZTo = 1. The net increase in Mi in the 

second unit of time, is the difference between the incoming and the outgoing 
dt 

quantities or PjfMoFjf — = P 2 /Fjir(AIo — Mi) = (0 .01) (0.1) (1000 

— 1) = 0.999. Putting PmFm = Fir, the apparent velocity constant of the 
process, we have 


AMi 

dt 


Vu(.Mc ~ Mi) 


and for the first two units of time we have 


Lin Li iOOQ 

t *Arp-Mi“2 ^*1000- (1 -4-0.999) 


0.001 


whence Pjif = 0.01 (this value is approrimate only; the smaller the assumed 
value of Fjf the nearer will be the agreement of the calculated and assumed 
values). 

” This equation assumes that the partition cocffidenl between the protoplasm 
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This may be checked by considering the condition at equilibrium 

where we know that the rate of increase of Mi or ~ PuMoFm 

at 

must be equal to the rate of decrease of Mi or = P^MiFu; 

at 

hence we have PmMoFm — PuMiFu’- this is correct because at 
equilibrium Mo ~ Mi. 

Log when %■=! 



Fig. 1. Shows how Vu PmFu) varies when Pm is constant (Pm = 1) but 
K, Hi (and in consequence Fm) vary. K, H,- and Fm are talcen as constant 
during anj'- one time curve or process of penetration. 

In Fig. 1 are shown the magnitudes of Vm for various values of K 
(the ionization constant of HA) and of internal pH (and hence of Fm) 
when Pm = 1, when Vm ~ Fm. 

It should be noted that if Mo remains constant a decrease of Fm 
(caused by an increase in pH value inside) means an increase of Su 
(the total internal concentration at equilibrium, as indicated in 
Fig. 2) as well as a decrease of Vu- 
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In order to compare the permeability of the protoplasm for differ- 
ent acids (penetrating as molecules only) we may ascertain the 
values of Vm and Fm. The latter tends to rise as the acid penetrates, “ 
but if the amount penetrating is small and the buffer action of the 
cell sufficiently great the change in Fu might be negligible. The 
error would be minimized by taking tlie rate at the very start (before 
much change was brought about by penetration), but here the 
experimental difficulties might make it necessary to construct a 


Si 



Fig. 2. Calculated time curves of 5i (total amount inside) when molecules 
alone penetrate and 3/^ and Pit are constant (Pit ^ 1) but Fit varies and in 
consequence Vit varies. It is assumed that Mo == Mu ~ 10 for both curves, 
1 , St, 

The equation is T'af “ PitFii = Ido r* 

* J,, — Of 

The same curves would serve if ions alone entered by putting Vji in place of 
Vit and PjiK = 1 in place of Pit = 1 or if ions and molecules entered by 
putting Vit A in place of Vn and Pn -\r PaF. = 1 in place of Pit = 1 . In all 
these cases the rale rises as the external pH value decreases. 

portion of tlie time curve and extrapolate to^zero time. At the start, 
when Mi = 0 and A, = 0 we may neglect Fu since when *= 0 
the equation 

dSi 

^ 1 
This would also be true of the penetration ' 
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becomes 

/dSi\ 

where I — ) is the rate when Mi = Ai = 0. 
\ at /h 


Case II. — Let us now consider the penetration of ions.^^ We 
assume that the outer surface of the protoplasm consists of a non- 
aqueous layer through which A- cannot pass without H+ so that the 
ions will enter as ion pairs ('H+ + A-) for which we assume that 
simultaneous collision with the surface is necessary. Hence the rate 
of entrance will be proportional to the number of such collisions 
which is in turn proportional to the product of H,, by Ao. (We omit 
for the present consideration of exchange of ions of the same sign.) 

Just as we consider the permeability of the protoplasm to mole- 
cules, Pm, to be equal to the amount of HA entering in unit time 
through unit surface in molecular form® when Mo ~ Mi = 1 so we 
may consider the permeability of the protoplalsm to the ion pair H'*' 
-f A~ to be the amount of HA entering in ionic form (H+ + A~) 
in unit time through unit surface when (Ha)(Ao) — (Hi)(Ai) = 1 (i.e., 
when KMo — KMi = 1). The value of Pa will depend on a “collision’^ 
factor Gh + (analogous to Gjir) and on a factor Z?h + a (analogous to 
Dm) to which we may add a proportionality factor Hh + a (analogous 
to Hk) and write 

Pa = (Hh + ^)(L>h + ^)(Gh + ^) 


Letting Ao denote the external and Ai the internal concentration of 
A~ we may regard the amount entering in unit time at the beginning 
(when Mi = 0 and Ai = 0) as PaHoAo which is equal to PaKMo 
(since HoAo = KMo). 

Hence when Mi — 0 and Ai = 0 the amount entering in unit time 
is PaKMo and when Mo = 0 and Ao = 0 the amount passing out 
in unit time is PaKMi. When the amounts are expressed as mols it 


We shall, for convenience, assume that this is independent of that of mole- 
cules. If some ions combine at the surface of the protoplasm to make molecules 
which pass through the protoplasm in undissociated form and dissociate on the 
other side it will not affect our calculations except to substitute Pm for Pa- 
We neglect for the present any exchange of ions of like sign as this will be taken 
up later. 
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is evident that the amount of HA entering in ionic form is equal to 
the amount of Si entering so that we may put 

^ ^ PaKUo - PAKiU = PA^afo - iU) 
at 



Fig. 3. Calculated time curves of Si (total amount inside) when ions alone 
penetrate and Fir and So are constant but varies (and in consequence lio 
and vary). It is assumed that K = tO**®, So =* 100, Fn *» 0.5, and Va =* 

I . •S‘» 

O.oot. The equation 15 

The same curves would serve if molecules alone entered by putting Vu =* 
0.00 1 in place of Fa *= 0.001 or if both molecules and ions entered by putting 
Vji/A 0.001 in place of V’a “ 0001. In all these cases the rate rises as the 
external pH value decreases. 


(If Pji lemaitvs constant the value of ~ will increase as the exter- 

ill 


nal pH value falls and Mo increases, as in Fig. 3.) 
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Fm 

Multiplying the right-hand side by — ■ we have 

Fm 
dSi 

= PaKFm r;F - '^ ) = PAKP2{(Sic - Si) 


dt 


Fm)~ 


Putting PaKFm — Va we have 


and 


Also*® 


dSi 

~ = Va{Su - Si) 
at 


xr ^ 1 

Va = — ^^0 


t Sie Si 


— = ^~~Fm = Va{Mo - Mi) 
at at 


This may be illustrated as follows. If the time unit is sufficiently short we 
may regard the rate as uniform during any one interval and at the beginning 
(when Mi =* .4,* — 0) we may assume that during the first interval of time the 
egress is negligible. If Mp = 10,000 millimols per liter, Pa - 0.5, K == 0.001 
and F^f = 0.8 the amount leaving the external solution in the first unit of time 
is FaKMo = 5 a part of which is at once converted to ions so that only (5) (0.8) 
= 4 appear as Mi, In the next unit of time a part of this goes out, amounting to 
PAKMi = 0.002, leaving 4 — 0.002 *= 3.998 Mi and 1 Ai so that M{ + Ai = 
4.998, but ions must combine until we have Mi = F^iMi +* A^) = (0.8) (4.998) 
3.9984 Mi so that the real loss of If,* = 4 — 3.9984 = 0.0016 or PaKFmMu 
The amount of Mi coming in during the second unit of time is, as before, 
PaJ^FuMo = 4. The net increase of Mi in the second unit of time, which we 

may call is the difference between the incoming and the outgoing quantities 


or • 


dMi 

dt 


di 

« PaKFuMd - PaKFuMi = PaKFm{Mo - Md and pnitmg PaKPu 


= Va^ the apparent velocity constant of the process, we have 

^ = Ya(.Mo - Mi) 
at 


and for the first two units of time we have 


= — In, 
t 


Mo 


10,000 


’ Mo - Mi 2 10,000 - 7.9984 


= 0.0004 


which agrees with the originally assumed values, i.e. Va = PPP-Pli - 
(0.5) (0.001) (0.8) = 0.0004, whence Pa “ 0-5 (this value is approximate only; 
values calculated in this way approach the more closely the assumed value the 
smaller this value is taken). 
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and 

^ ^ Fx ■= VxtSi.Fx - S:,Fa) ■= VaUi, - /!;) 

at at 

and 

That the penetration of ions must be proportional to the ionic 
product (Hfl)(^o) is evident from the condition at equilibrium where 
the amount going in is Pa^o^o which must be equal to the amount 
coming out or pA^iAi; this is correct if we regard the amount going 
in as PaHAo and the amount coming out as pA^tAt since at equilib> 
riumHoAo - but it could not be correct where Hi is not equal 
to (as in the case of a Donnan equilibrium) unless tlie penetration 
of ions were proportional to the ionic product. (If molecules alone 
penetrated the amounts going in and out would be equal despite the 
inequality of Aet and Au since would be equal to Mu.) 

Case III . — If both molecules and ions go in simultaneously the 
total amount of Si passing in (both as ions and as molecules) when Mi 
— 0 and Ai = 0 is PmMo 4- PaP^M^. The total amount passing out 
when Mo = 0 and ylo = 0 is PuM; 4- PaPMu The net amount 
passing in may be regarded as 

~ = {PtiMo + P/Ofol ~ (Pi/Jfi 4* PaKU,) « (Pif 4* PaKAUo - iU) 
at 

When Mi = Ai = 0 we may put 

(~^^^(PiI + PAK)ifo 

Putting Pu 4- PaP ~ V, we have“ 

^ ^ = VFit ~ 

dt \Pm Fit / 

Although the velocity constant is VFit nevertheless for any given value of 

ilf, and Mi the value of ~ is independent of Fn because when we double Fit 
dt 

we halve Sf# since 

Fu 
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Putting VFm ~ Vma we have 

5 - 5/) 

Qi 


Also” 


and 


dMi „ dS{ 

= Fii — = FmV{Mo — Mi) = VMAiMo ~ Mi) 
at at 


dt 



VMA{,SicPA ““ SiFj^ — VAfAi^ie — -^i) 


Tins may be illustrated as follows. Let us put Mo — 10,000, Pm = 0.01, 
Pa = 0.5, K = 0.001, Fm = 0.4, and Fa = 0.6 (we need not assign any value 
to Ao since it does not enter into our calculations). We then have V = Pm 
+ PaK = 0.0105 and Vma ^ VFm - (0.0105) (0.4) = 0.0042. At the start when 
Mi = At = 0 the molecules entering in the first unit of time = PmMo = 
(0.01) (10,000) — 100 and the amount of A'^ entering in ionic form is PaKMo 
= (0.5) (0.001) (10,000) = 5, the total being 100 + 5 = 105 of which (0.4) (105) 
= 42 = Mu During the second unit of time a part of this diffuses out: this 
part amounts to [PMMi - (0.01) (42) - 0.42] plus [PAKMi = (0.5) (0.001) (42) 
= 0.021], the total amount escaping being 0.42 + 0.021 = 0.441 which must be 
subtracted from the amount entering in the second unit of time (105) to get the 
net increase in Si: this net increase is 

— = 105 - 0.441 = 104.559 
dl 

of which Mi = (0.4) • 104.559 = 41.8236. As a check we may calculate this by 
the formula given above 

' ^ = v{Mo - Mi) 

at 


and get — = (0.0105) (10,000 — 42) = 104.559. Also we may put for the first 
dt 

unit of time 

— ==ViiA{Mc - Mi) = (0.0042) (10,000) = 42 
dt 


We may calculate the value of Vma from the equation 


1 


Vma = — In, 


Mi 


l "Me -Mi 
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The correctness of these equations may be tested by considering 
conditions at equilibrium when the amount coming out is known 
(since it must be equal to the amount going in) . The amount entering 
in unit time when Mi = 0 and At — 0 may be regarded as PuMo 
+ PaKMo. According to the equations given above*® the amount 
coming out when Mo ~ 0 and « 0 is P^Mi + PaKMu Hence 
PuMo + PaKMo - PuMie + PaKMu' this is evidently correct 
since at equilibrium ~ Mu, 

It is evident that the velocity constant when both ions and molecules 
enter is equal to the velocity constant when molecules alone enter 
plus the velocity constant when ions alone enter. We have 

(1) Molecules alone entering 

~ - Si) - Vu{Sio - Si) 

al 

(2) Ions alone entering 

~ » PAFuKliSic - Si) - VAiSio - 5i) 
at 

(3) Both ions and molecules entering 

= iPiifit + P/Fjfli:) iSie - Si) = (Pm + P^)(5.'c Si) 

at 

Evidentiy Vir + Va - {PA + PaFmK){S,. ~ 5^) = FiA + 
PaKXSu — Si) « VitA so that we have 

at 


For the first unit o( time we have 


VuA = In 


10,000 

’10,000 - 42 


0.0042 


and for the first two units of time 

-it 10,000 

- 2 10,000 - (42 + 41.8236) 


0.0042 


which agrees with the assumed values Viia *= VFn = (0.4) (0.01 + 0.003) *» 
0.0042. These values are approximate only; values calculated in this way 
approach nearer to the assumed values the sm^er they are taken. 

When HA is the only solute present Ao is approximately equal to {e.xcept 
at ver>’ low concentrations) so that we mav put (H?) (A<,) » KMo (H^)’ 
*= {A.)K 
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Since all these velocity constants are functions of Fm they depend 
on the internal pH value: but they are independent of the external 
pH value (unless this affects the value of Fm). 

Even if the external concentration of H4 is kept constant so that the 
initial diffusion gradient is always the same the value of Su may vary 
since at equilibrium Mo = Mie but Au varies with Fu (the smaller Fm 
the greater is A .-J. If in every case the same amount of Hd enters in 
the first unit of time this will form a smaller fraction of Su when Su 
is large and Fm is small and hence the velocity constant must be small 
when Fm is small. This statement is based on equations involving 


Sie, such as Vm 


" Ixie 
t Sio - 


, and is equally true of Vm, Va, and 


Vma. It also applies to equations involving Mie, such as Vm 


- lUo ;; — , for if Fm is large the amount of Hd entering in the 

t Mie - Mi 

first unit of time will remain largely in the form of Mi and conse- 
quently constitute a larger fraction of Mu than when Fm is small: 
so that the velocity constant Vm must increase with Fm (and this 
applies equally to Va and Vma). Similar considerations apply to 


equations involving Au, such as Vm 


1 , Aie 

- ine 

i Aie — A{ 


Although we have 


dt 


= FmFm {Sie 


— 5f) this value is indepen- ' 


dent of Fm since when we double Fm we halve 6',-, and Si as is evident 

from the equation ^ = PmFm i~:;r ~ 7r~\ This applies also to 
dt \Fm cm/ 


— in Cases II and III. 
dt 

If we keep the total outside concentration {Mo -j- Ao) constant and 
vary the pH value, by adding a base which penetrates slowly or 
not at aU,^® while the inside pH value remains constant, a decrease in 
the external pH value wiU increase the value of Mo = M{e and of Su = 
q, ^ (le., the total inside concentration at equilibrium) and like- 


The actual rate tan be calculated by means of the equations given later for 
the penetration of Na+ 4- d~. 
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For curve A. For carves B.CendD 



pH (external) 


Fig. 4. Curve A, calculated values for the rate of entrance 

(■when Mi ^ At = Q), It is assumed that molecules of H4 and the ion pair 
+ jl“ penetrate, that K = 10“®, So ^ 5, Fn is constant and that H® (and in 


consequence Mo and Mi^ varies. The equation i 


{Pm + PaK) Mo 


where Pm + 1 this becomes | 


X 10» - M, = Mu. 


The same curve -would serve if molecules alone entered by putting Pm = 1 
in place of jPif 4- P^iC or if ions alone entered by putting PaK = 1 in plact 

of Pm + PaK. In all these cases the initial rate ( — - ) falls off in the same 

\dt/i 

manner as the external pH value increases. 

Curves B, C, and D, calculated values for the rate of entrance ( — * ) at th« 

\ o^/fi 

start (-when Mi = A,- = 0). It is assumed that molecules of HA and the ion paii 
Na'*' + A" enter, that So ~ Fm is constant, Pm ~ 1, that « Ao, 


and that Fi varies (c/. Fig. 7). The equation 


ion IS { 1 


PifAftf + ViA^ -where 


When Ho = Hi the velocity constant behaves somewhat like j 

in Curves B, C, and D: when Hf is constant it behaves like T^n» (upper curve) 
in Fig. 5. 
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wise the total amount 



penetrating in unit time, 


no matter 


whether molecules alone penetrate, or ions alone, or both together^® 
(Figs. 3 and 4). This will be true even if the inside pH value changes 
during the process of penetration. Hence it is not possible to decide 
on this basis whether ions enter. 

In case the cell has a slowly diffusible ion in place of an indiffusible 
ion these remarks will be approximately true®^ but there will be a 
tendency to reach a temporary pseudoequilibrium after which there 
will be a drift toward true equilibrium (at which the inside and out- 
side pH values and concentrations will be equal) as the result of the 
movement of the slowly diffusing ions. 

The fact that in the case of Valonia H 2 S and CO 2 quickly reach a 
pseudoequilibrium®® which remains constant indicates that the chief 
cations of sea water other than H must penetrate slowly or not at 
all:®® otherwise A~ would continue to penetrate (paired with some 
cation other than H+) until true equilibrium were reached and if this 
were rapid enough it could be observed experimentally. 

Case IV . — If the ion pair Na+ -f- A~ alone enters®^ {i.e., the en- 


®® In case both penetrate together the velocity constant will be greater than 
otherwise, as already shown. In Case III change of H,- may have less effect on 
the initial rate or the velocity constant. 

®^ If Na+ is inside and comes out very slowly it acts very much like (in 
calculations we must bear in mind that it is present on both sides). 

®®It has been shown experimentally for Valonia (cf. Osterhout, W. J. V., 
J. Gen. Physiol., 1925-28, 8, 131; Osterhout, W. J. V., and Dorcas, M. J., J. Gen. 
Physiol., 1925-26, 9, 255) that if a weak acid penetrates rapidly it soon reaches 
such a pseudoequilibrium. (In the case of Valonia the inside pH value is lower 
than the outside but this does not affect the principle involved.) 

®® The penetration of CO 2 and H 2 S does not prove that H+ penetrates since 
they may enter in undissociated form. 

®'‘ The penetration of HA will increase and that of Na+ + A~ will decrease the 
value of Hi. As an illustration of what is meant we may assurqe the following 
values: at the start H„ = Mo = 10'® ®®’!, i20H = = 

Iq- 6.493575^ jf. ^ Ai = 0, Mi = 0. We assume that the dissociation 

constant for HA is 10“® and for i20H = Kb = 10"®. After penetration of 
HA has occurred (the outside being assiuned to remain constant) we have Pie = 
10 - 4 . 0371 ^ OH,> = 10'®, i20H = 10-® ®®®b Hie ~ 10'®, Mie ==10'®-®®®S A,v = 
10-4.o37i_ Let us now add to the outside NaOH and HA until Ho == 10~®, Aa 
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trance of BL4 in ionic or molecular form is negligible) we may proceed 
as follows. Just as we put (p. 268) Pa equal to the amount of HL4 
entering in ionic form through unit surface in unit time when H^Ao 

— PLiAt — 1 so we may put equal to the amount of Nail 
entering in ionic form through unit surface in unit time when 

— Nafili == 1. The amount of Na-4 entering in unit time when Mi 
= Naj = ili = 0 is i^NMNa^^l/, the amount leaving in unit time when 
Na^ = iltf = 0 is PNa^iNat^i. Expressing amounts in all cases as mols 
it is evident that the amount of Nail entering is equal to the amount 
of Si entering so that we may write 

dsr 

*37 = — NaM;) 

at 

(At equilibrium Na^A^ = Na.-A,-.) 

Assuming that the ratio of At to Na,- is approximately constant 
during penetration we may put Nai — BAi where 5 is a constant, 
and for convenience we may put Na^Ao = JIP. We may then write 

at 

Assuming that Fa is constant we have (since Ai = FaSs) 
dAi dS; 

^4 = PNuPaCilt* ~ 

On integrating we obtain 

2PN^Pxif Vb « -In. — 

i Jf - VBAi 

Putting 2Pii^AFAM we have 

1 + \/bA{ 

This gives a curve whose velocity constant, calculated as equal to 

1 , Au . ^ , 

— In. , increases from the start.'® 

i Ait — Ai 


*= lO"®, Afp «= 10 Nap - 10 After penetration we shall have at equilibrium 
POH - 10-®, Ru *= 10 -®'CC 2 ^ H/p » 10-8 o®2, Au - lO'®-”®, Na,v = l0-®-<»2. Mu 
« 10-® while the outside is assumed to remain unchanged. We see that Hi# 
changes from 10 -*-® to 10 

By way of illustration we may put A# « Na# *=10, Na; ^ A i, Fa « 0.5, 
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Fig. 5. Shows the change of Vm, V Aj and VirA with change of external pH 
value (on the supposition that at pH 5.5 = Fj/^ = 1) and also the 

change of Fn« (assuming that its value at pH 10.5 is 1). It is assumed that 
So= l,K = 10-8 and Na<, = 

As long as Fif remains constant Vjf, Va, and Vma remain constant but if 
is so small that Hi is approximately equal to Ho these velocity constants will 
fall off as the external pH value increases. The equations are Vm — PmFm', 

Va = PaKFm-, Fiifx = (Hji + Fno = 

When Hv is not equal to we put Pm = PaK - Fm = ^ (for Vma we put 
Fm = 0.5) so that Vm = Va = Vma = 1 and when 2P]a^Fa == 1 we have 
FNa = 


When H,* = Ho we have Fm ~ -3/^ and may put Vm = Va ^ Vma 2 — 
Mo. Putting 2Pm^ "\/3- 1 we have (since Fa = Ao) Fna 
I n general the behavior of Fir^Ta when H,* is constant is iike that of Fjst^ when 


H» is constant. 


When Hi* = Ho Fj^/Na behaves like 



in Curves B, 


C, 


and D in Fig. 4. 


= 1, and Pv^txA = 0.01. Then Fna = 2PnaaFaAo '\/b = 0.1. In the first 
unit of time the total amount Si entering (when Ai - Na/ - 0) is 


ASi 

di 


Pi^.aAo^ = ( 0 . 01 ) 102 1 


of which half is Ai since Fa — O.S so that Ai ~ 0.5 (we assume that none goes out 
during the first unit of time). In the second unit of time the amount of S{ enter- 
ing is 1 and the amount going out is PuruiAf' - 0.01(0.5)^ - 0-0025 so that the 
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We may also write 

+ VBAi) •4- Fa ^ ( VNa^~fl •^ Fa) + VBSj 

* * # ’ (VNa^o - VsAt) -i- F a ^ ■?• Fa) - \/FSi 


Let us now consider what happens when the total external con- 
centration Se( = Jlfc + At) is kept constant and the pH value is 
varied. Let us suppose that at the start H4 alone is present and 
that we add increasing amounts of NaOH. We then have Fn» = 
2Pn»aPa V^Na<,-(4o and if Na^ — i4(, wehave Fn* = 2PN./iFAi4o 

so that if Fa is constant Fn* is directly proportional to Ao, which 
increases with increase of external pH value: if jR+ is small so that 
we can write as an approximation Ho = H,* and if we also put S, 
^ 1 we have Fa — Ac. Putting 2 Pn&a = 1 we have Fn» = 

FaAc — Ac- (see Pig. 5). The initial rate ) likewise increases 

V ai fb 

with the external pH value since we have 
/dSi\ 

( 1 = PNuNaaXtf 

and putting = Fi this becomes 

Then 

Putting FiF^ = Fj we have 


net increase in 5i is i — 0.0025 =* 0.9975 of which half or 0.49875 is A{. 
Hence at the end of the second period = 0.5 + 0.49875 = 0.99875 and 


1 , 10 + 0,99875 
10 - 0,99875 ' 


0.1 


This is approximate (in all such cases the approximation is nearer the smaller 
the value of Fn,). 
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Case V. — Molecules of HA and the Ion Pair Na+ + A- Enter. 
We then have 


dAi 

di 


— ViiiAie — Ai) -f- FsCNaoAo — NafA:) 


If the proportion of Na,- to Ai remains sufficiently constant during 
penetration we may write as an approximation Na,- = BAi. Putting, 
VifAie + y2Naori(, = Ewe have 


dt 


= E- VifAi - V}BAr- 


On integrating (between 0 and Au) we obtain 

. 1 , VViP + 4 EF.B + 2 V,BAi + V^f f VViS' + ^V^B - 

V Vm^ + 4E VjB = - bo — - ---- - ■ — I — 7 =.= - =. I 

^ V Vjii^ + 4EV2B - ZVoBAi - Vm \ V Vm^- + iEViB + Vm/ 

Putting Vyjr + ^EVoB = Pj/Nn and 2^2^ = Pa we have 


XT -Li + ViAj + Vm / Vmnb, — Vii 

im. - ^ bo 


) 


Putting Pji/Nn + Vm = P4 and Piimn — Vm = Pb we have“® 


„ 1 , 74 + V,A 

Fj/No = 7 ln„ — 

I Vs — ViA 


' ('^ 
Aw 


As an illustration we may put Mo = = 22.2, Ao = Na^ = 10, Au = 

11.1, Fu = 0.667, Fa = 0.333, B = 0.811, Pm = O.OOIS, Pno/I = 0.003, Vm 
= PmFm — 0.001, and F 2 = Pn^aFa = 0.001. In the first unit of time the 
amount gomg in is 

A C* 

—2 = PmMo + PNa.4NaoAo = (0.0015)22.2 + (0.003) (10) (10) = 0.3333 
at 

We then have Ai = FaSi - (0.333) (0.3333) = 0.1111 and Mi - FuSi - 0.2222. 
We may assume for convenience that none of this goes out during the first unit of 
time but that during the second unit of time the amount going out is PirMi 
+ PN^NniAi = P^Mi + PN^BAi^^ = (0.0015) (0.222) + (0.003) (0.811) (0.1 11 1)^ 
= 0.00036291. This must be subtracted from the total amount going in during 
the first two units of time (which is 2(0.3333) = 0.6666) to get the net total 
inside at the end of the second unit of time: this is 0.6666 — 0.00036291 = 0.666237 
of which 1/3 or 0.222079 is Ai, We may arrive at the same result by using 
the formula 

~ = VMiAio - Ai) + ViCNooAo - BAi'-) 
at 
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This gives a curve whose velocity constant calculated as equal to 
1 A‘ 

- Ino r increases from the start. 

f Aig — Ai 

Let us now consider the significance of FjuNa- We have Fj/n. = 
VFji/- -f AEVzB. Substituting the value of E and putting Na^ 

— Ao we have 

rWN. = V W + 4yAfF,B 4 

If R+ is small we may write as an approjdmation jB == 1 and Aa = • 
Aie. We then have 

Vzrn^ = V W + iViiV,~Ao + WAo^ 

- rai + zVtAo 

*= Piifsi + 2Pi^^FAAff 

SO that in case Fn and Fa are approximately constant will 
increase as ylo increases, i.e., with increase ol external pH value.*’^ 


and putting .4/ « 0 at the start. We then have for the first unit of time 
at 

or (0.001) (11.1) + (0.001) (10) (10) = 0.1111. At the end of the first unit of time 
we have Ai = 0.1111 and for the second unit of time 

- Ai) + - BAi) = (0.0D1)(U.1 - D.llll) -f 

dC 

(0.001) (100 - (0.811) (O.llll)*] == 0.110979 

adding this to the amount of Ai present at the beginning of the second unit of 
time we have 0.1111 + 0.110979 = 0.222079 A;, 

For the first unit of time we have 

1 Va + ViAi /n\ 0.020 + 0.001622(0.1111) /0.018\ 

^ “ Fi/Na * Vi - ViAi - 0.019 “’0.018 - 0.001622 (0.1111) \^0.020 J ” ^ 

For the first two units of time taken together we have 

^ 0.020 + 0.001622 (0.222079) / 0.018 \ 

^ 0.019 0.018 - 0.001622 (0.222079) ^0 020/“^ 

These values are appronmate: they approach nearer to the assumed values of / 
the smaller the values assumed for T^jif and T'l. 

This would also be true if we did not assume tha t Ac = Auot that Na<, » A, 
since we should have Fjimj, ** V^constant + Na^U. 
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But if the internal pH value rises with the external Fu will fall off. 
If is small we may write as an approximation H<, = H,v. If H,- 
does not change greatly during penetration and if 5,, = ilf « + Ac 
= 1 we have Fm = Mo and Fa — Ao. We then have Fii/Nn = FmMo 


/dS\ 

+ FnoaAo^ so that the behavior of Vj/nu will resemble that of ( — ^ | 

\di Jb 

= PmMo + ViAo^ — PmMo + PstiuAo^ in curves B, C, and D in Fig. 
4. Hence if the value of Pkh/i is small in comparison with that' of 
Pm we shall expect Fjt/Na to fall off as the external pH value rises 
but if the value of pNaX is large in comparison with that of Pm we 
shall expect Fj/n* to increase as the external pH value increases. 

We also have 


dt 



VMdi ~ ViBAi>) Fa 


and 



Vi-i-FA + VzS i 
Fa- ViSi 



and 



=s= FmMo + ViN^oAo 


Let us now consider the behavior of 



with increase in external 


pH value. In the beginning when Mi ~ A; = 0 the amount going 
in as molecules in unit time is PmMo and if Na^ = Ao the amount of Si 
entering in ionic form is FiNao.4o = ViAp^. If weputPK = Fi = 1, 
keep the total external concentration (Mo -h A o = So) constant, and 
change the dissociation of BA by adding various quantities of NaOH 
we may calculate the total amount entering, i.e., 


for each value of Mp.^^ Fig. 6 shows the results of such calculations 


28 JS.g., if we put Fm Vs = Sp 1, Mp 0.5 (i.e., Mp = 50 per cent), and 
Ao == 0.5, we have 



== 0.5 + (0.5)» = 0.75 




, Calculated values of T — J = initial rate of entrance (when Mi 
4,- = 0) if molecules of HA and the ion pair Na"^ + A'' enter. The equation is 


* PiiMo + PN»^Naa/lfl 


We assume that Na^ Ag and that Pa = P^u 1- We then have 


Fic. 7. Calculated values 


(fV»- 


initial rate of entrance (when Mi + 


/li =* 0) if molecules of ILl and the ion pair Na'*’ + A" enter. The equation is 
» PiiMg + 


where Pi Pn^j. We assume that Na, *= Pm 


1. but Pi varies. 
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for So = 1, So = 2, and So = 3. It is evident that 

through a minimum which is characteristic for each value of So. 
If we put So = Pm = 1 and assume various values for Fi we see that 
above a certain value the curves (as shown in Figs. 4 and 7) pass 
through a minimum. 

Case VI , — If ions alone enter we may consider as an approximation 
that the ion pairs H+ + .4“ and Na+ + A- enter independently. 
The entrance of A will be proportional to the number of collisions 
and hence to (H + Na)^ = (H)(.4) + (Na)(.4): it will also depend 
on the permeability which may differ for Na + A and 11+4, 
hence it would seem to be better to put the number of collisions 
proportional to (H)(4) + (Na)(4) and treat the penetration of H+ 
+ 4~ and Na+ + A~ as if they were independent. In that case we 
have (see pp. 271 and 279) 

“ = VAiAio - A{) + ViCNaoAo - Na;A.-) 

Of 


dSi\ 

— I passes 
at /k 


If we may put Na,- = BAi and F^4,-e + F2Nao4ff = Ei we may write 

— = El - VaAi - V^BAi^ 
at 


On integrating (between 0 and 4,-«) and putting V Va^ + 4 E 1 V 2 B = 

VANti and2VzB = Fs we have 

_Li + VsAi + Va / Vano - 

VXN. ^ ln„ J 

We also have 

= (Ei - VaA.- - VzBAi^) --'Fa 

dt dl \Fa ) 


and 


1 (F/lNa ~f~ F^a) Fa ~1~ VzSj / FxNa 
' = 7 _ Va) ^Fa- + Va J 



= Pa'HoAo + FiNas.4o = PaKMo + FiNa^i^lo 


It is evident that if So remains constant and the externahpH value 
increases HoAo will decrease (since H„4(, = KMo) but IS 3 . 0 A 0 will 
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increase. 


The value of 



will pass through a minimum as 


in Case V. 

In case we add a neutral salt, c.g., LlCl, the number of collisions 
is proportional to (H 4* Na + Li) (A + Cl) — (H + Na + Li) (-4) 
+ (H -f Na + Li)(Cl). Hence the addition of a neutral salt whose 
cation enters freely should favor the penetration of A" providing it 
does not diminish protoplasmic permeability or otherwise inhibit 
the process. 

Case VII . — If molecules of VLA together with the ion pairs H+ 
+ A” and Na"^ 4- A-^ enter we have 


^ = VitAUu ~ Ai) + - NaMi) 

ai 


Putting Ez — VifAAie 4* and Na,- — we have 

VuAAi - ViBAi^ 
at 

Putting + ^EiVzB - and SPjB y, we have 

= lln VUi + VUiA - VitA\ 

t ^ yjuN.-* v*Ai — \vjfvm. + ViM ) 

We also have 

= {Ez - VitAAi - ViBAt^) ^ Fa 

and 

= lr + Vma) ^Pa-{’ VzSi / VilAU. - ViIA\ 

i iVnA^, - VyiA) ^ Fa- r*Si 4 Vma ) 

also + y,Na^, 

The value of will pass through a minimum as in Case V. 

\m /h 

Case VIII . — If a weak acid H4 and a weak base 20H enter simul- 
taneously, forming the salt ZA inside, we may use for Hid and for 
ZOK the equations already given (which enable us in some cases to 
find the amount of H+, A~‘, ZOH, and inside at any given 
moment). 
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If the dissociation constant, K, of is equal to the dissociation 
constant, Kz, of ZOH and if and ZOYL enter in equal amounts the 
internal pH value will remain almost constant and in consequence 
Fii and Fmz will remain almost constant {Fmz, the fractional concen- 
tration of molecules of ZOH inside = — — , where Mzi is the 

Mzi + Zi 

concentration of molecules of ZOH inside and Z; is the concentra- 
tion of Z+ inside). 

It is evident from what has been said that when a weak electrolyte 
such as HA is the only solute penetrating we cannot decide whether 
ions enter by comparing the rates or the velocity constants at high 
and low pH values for the relative rates will change in the same 
way in both cases (i.e., whether molecules alone or ions alone penetrate) 
and the velocity constants, although differing in the two cases, will 
act alike. If on the other hand the molecules of a weak electrolyte. 


HA, and the ions of a salt NaZ. penetrate together we shall get for 



a curve like Curve A in Fig. 4 if molecules alone (or ions alone) 


of H.4 penetrate, but if the ion pair Na+ -1- A~ penetrates in addition 
to molecules of HA we may expect the types shown in Curves B, C, 
and D in Fig. 4, as well as those shown in Figs. 6 and 7. The velocity 
constants will also differ as shown in Fig. 5. If molecules alone (or 
ions alone) of H.4 penetrate the velocity constant will 'remain con- 
stant if Hj remains constant, but if H,- approximates Ho the velocity 
constant wiU faU off as the external pH value rises; on the other 
hand the velocity constant will increase %vith external pH value when 
the ion pair Na+ -1- A~ alone enters. If both molecules of H.4 and 
the ion pair Na+ + A~ enter the velocity constant Fjima may increase 
or decrease as the case may be. When Fu is constant acts 

much like Fno in Fig. 5 (upper curve) but when Ho = H.- it acts 


much like 



, in Curves B, C, and D in Fig. 4. 
0 


In case of an exchange of ions-® of the same sign going in oppo- 
site directions, e. g., exchange of H+ for Na+, the total quantity of cations, 


Doubtless the cell can produce sulEcient ions (e. g., + HCOj) to ensure 

adequate exchange. 
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Q, passing inward through the protoplasm in unit time is proportional 
to the* total concentration (H + Na) of cations inside multiplied by 
that outside so that we may put Q ~ Z(Hi + Naj) (H, -f Na») 
where L is a proportionality factor and the subscripts i and o denote 
the concentrations inside and outside respectively (<2 will depend 
on the rate of passage of the slower cation). The quantity of H+ 


passing out is equal to 


QUi 

Hi + Na, 


and that passing in is equal to 


^ , ... /«^H\ . ^ 

and the net amount passing m ( -7- 1 is the dmerence 
H* 4 * Na* \di / 

between these expressions: on reducing them to a common denomi- 
nator we get 


dt 


Q 

(H* + Na*) (Hi 4- NaO 


(H*Na/ - HiNa*) 


Now 4 - Na* = H*& (the concentration of H* at the start) and 
Hi 4- Nai — Nail (the concentration of Nai at the start). Putting 

^ U we have 

HoiNafi 


5 ? 

dt 


U (H*Na, ~ HtNa,) 


It is, however, more convenient to proceed as iollows. We put 

^ ^ <?H* QHi 

dt H* *f Na* Hi 4- Nai 


QH* __ QHi 

Hob Naib 


I/(H*Na,b ~ H.H.b) 

/H,Na.b H,H*b\ 


iTNa.b 


Putting J 7 Na,b « Ui and 


Naib Na.b J 

H. 


CTNa.i 




Nail 


Ut we have 


— = l^,(H* - UiH,) 
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If the external solution is relatively large or the concentration of H„ 
relatively large, so that we may regard Ho as constant, we may put 




JL Ho 

lUi Ho - UiHi 


Experimental tests of these equations are in progress. It may be 
noted that if we regard the free base of the basic dye brilliant cresyl 
blue as undissociated we should expect the velocity constant Vju of 
diffusion into a living cell of Nitella to be constant (c/. Fig. 5) as 
long as the pH value of the sap is constant despite the fact that the 
external pH value changes. This is the result actually found by 
Irwin.®" 

Let us now consider briefly certain complications due to the fact 
that the penetrating substance ma)’' have different activities in the 
protoplasm and the aqueous solutions. Overton states that per- 
meability depends largely on the partition coefficient between the 
outer surface of the protoplasm and the external solution and accord- 
ing to Irwin®^ the partition coefficient at the internal surface is also 
important. 

The equation = Fjif(Mo — M,-) assumes that the partition 
dt 

coefficient between the protoplasm and the external and internal 
solutions is 1. In case it differs from 1 and is the same for both 
surfaces of the protoplasm we may call it Ko. If we follow the 

treatment of Northrop®" ^ve may put = VuiKMo — KMd - 


VmKo{Mo — In case it is Ko for the external and iT,- for the 

internal surface®® (due to a difference between the external solution 

and the sap) w^e may put wffience 

dt 


dUi 

dt 



KMi ) 

Ko / 


®°Invin, M., /. Gen. Physiol., 1922-23, 5, 727. 

Irwin, M., J. Gen. Physiol, 1928-29, 12, 407. 

""Northrop, J. H., J. Gen. Physiol, 1928-29, 12, 435. 

®®For convenience we here regard the protoplasm as a homogeneous non- 
aqueous phase separating the e.vternal solution from the sap. 
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Putting 


K. 


Ki, and VuK, 


Vito "wc have 


== - KicMi) 

C( 


or 

^0 " tKi, Mo “ 

For Case II we may proceed as follows. The concentration of 
molecules in the outer surface of the protoplasm may be called Mj„ and 
that in the inner surface If the dissociation constant is Kp 

we have UpoApo ~ KjMpo and HpiApi s= Kj^T^i, where the subscripts 
po and pi signify concentrations in the outer and inner surfaces 
respectively. The diffusion gradient for the ion pair H+ + A- will 
therefore he proportional to — HpiApi or to KpMpo — KpAfpi 

which is equal to KpKMo — KpKiMi. In place of the equation 

already given for Case II, i,e. — Va{^^o *- we then have 
at 

« Va {KpKo^io- KpKiMt) 
at 

Putting KpKo — K'o and KpKt = K- we have 

— » Va{k’oMo - K\Mi) 
at 

and proceeding as before we obtain 

(ito - .) 

of 

where K'w = — ^ Putting - V'a we have 

K-o 

Case 111 is simply the combination of the equations and presents 
no difficulty. 
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For Case IV we may proceed as in Case II. Assuming for pur- 
poses of calculation a few undissociated molecules of NaA we may 
call the dissociation constant of NaA in the protoplasm iT'. The 
diffusion gradient is then proportional to Naj^^dpo — Na^jAp,- = 
KpK'jMo — KpK'i'Mi where K'J and K'^' are the partition coefficients 
for Na^ at the outer and inner surfaces and Jf' and M[ are the 
concentrations of undissociated molecules of Na^d. In place of the 


dA- 

equation already given for CaselV,?.^. — ‘ = PNa^F^(Naov4<, — Na,-*-!,-) 

dt 

we have 

dA ' 
at 


The relation between and (Nao.4o) is obtained as follows 

// po 


Ko = 


Mo 


“T~ 


where K, is the dissociation constant of Na.4 in the external solu- 

. m,oApo K'o'K'^ K'lK' 


tion. From this we obtain 


We may put 


Nao^o Ko Ko 

Ko' and call the corresponding constant for the inner surface K'/'. 
We then have 


dM 

d( 


= — Jr/'Na,A,0 


— (Naoita “ 2 ^io^SL{^ 


nt 


where K\'J = Putting M^- = Na^„ Na.- = BAi,- and K'i''B = 

J^O 

B' we have 


dM 

dt 


Pt;oAFAK7iM-^ - B'Ai'^) 


or 


IPi^oAFaM \/b' — — In* 


M + VFAv 
- \/b' A i 
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Putting 2PtiuJ^AMVF « we have 

1 , VN^X+VF^t 

Cases V, VI, VII, and VIII are merely combinations of the 
equations already considered and hence present no difficulty; they 
involve only a change of constants. 

Hitherto we have treated only those cases where the time curve 
is of the first order but in practice we may find when we calculate 

according to the equation K = iln« — - — that the value of K falls 
t a — -x 

off with time. This might suggest that the curve follows a dimolec- 
ular equation but in that case we should expect that on taking any 
two curves, which we may call I and II, and multiplying all the 
' ordinates of Curve I by a factor to make the final (equilibrium) 
value equal that of Curve II the two curves would not coincide. 
For if they do coincide it means that their ordinates at any given 
time i must bear the same relation as their final equilibrium 
values. If we are dealing with irreversible reactions the final or 
equilibrium value of the amount transformed, which we may call 
is equal to the amount present at the start, which we may call a. 

If a monomolecular process giving Curve I M is changed to a mono- 
molecular process giving Curve II , by simply doubling the amount 
of a the velocity constant is not changed and the time Curve II U 
can be reduced to Curve I M by dividing all its ordinates by 2. 
But if we have a dimolecular process giving Curve I D with the 

equation = K{a ^ x)^ or K ^ — — — r we cannot double 

at i a{a — x) 

the amount of a without changing the velocity constant and Curve 
II D cannot be reduced to I £> by dividing its ordinates by 2. '' 
Hence when we have a set of curves with different values of a which 
are convertible into each other simply by multiplying ordinates we 
may conclude that they are not of higher orders than the first. 
Such curves are like those of a reaction of the first order in which 
the velocity constant diminishes from the start and may for con- 
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venience be called “inhibited curves.” They inay often be fitt( 
by empirical formulae such as 



Similar considerations apply to the exit of electrolytes but in 
practice there may be complications, such, for example, as those 
discussed by Irwin.®^ 

What is here said of weak acids holds, with suitable modifications, 
for weak bases and for amphoteric electrolytes, and it may also be 
applied to strong electrolytes since it is always permissible to assume 
the existence of a few undissociated molecules for purposes of 
calculation. 


SUMMARY 

When the only solute present is a weak acid, HA, which penetrates 
as molecules only into a living cell according to a curve of the first 
order and eventually reaches a true equilibrium we may regard the 
rate of increase of molecules inside as 

= PuFiiiMo — Mi) 
at 

where Pa is the permeability of the protoplasm to molecules. Mo 
denotes the external and Mi the internal concentration of molecules, Ai 

Mi 

denotes the internal concentration of the anion A ~ and Fn = — — 

Mi + Ai 

(It is assumed that the activity coefficients equal 1.) Putting PmFm = 
Vif, the apparent velocity constant of the process, we have 

~ = VifCMo ~ Afi) = VlldMio - Afi) 
at 


M,, J- Gen. PhysioL, 1926-27, 10, 75. 
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vrhere e denotes the concentration at equilibrium. Then 


1 , Mu 
Vit = ^ 

where t is time. 

The corresponding equation when ions alone enter is 

dAi 

~^=^PAKFidAu^Ai) 

at 

where K is the dissociation constant of HA, Pa is the permeability 
of the protoplasm to the ion pair + A", and A* denotes the 
internal concentration of A,- at equilibrium. Putting pAKFir = Va, 
the apparent velocity constant of the process, we have 
' dA{ 


and 


' = VA(Au-Ai) 


r ^ r 

Va “"-In , -j — 

/ Aie — At 


When both ions and molecules of HA enter together we have 
= iVM + - 5,0 = ru.4(5« - 5,0 

at 

where St K,- -h At and Su is the value of St at equilibrium. Then 


1 Si, 
VziA ~ 7 lo« r — 
* o« — 


5,* 


t 1^3/, Va, and Vha depend on Fu and hence on the internal pH value 
but are independent of the external pH value except as it affects 
; tbe internal pH value. 

• IVhen.the ion pair Na+ + A“ penetrates and Nai = BA{ we have 
} ^ - BA,*) 

and 

f - VFAt 

where Pku is the permeability of the protoplasm to the ion pair 
Na+ 4- X~, Na, and Na,- are the external and internal - concentra- 
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A- Na- 
tions of Na+, Fa — B — and Fnb is the apparent velocity 

I i 

constant of J:lie process. 

Equations are also given for the penetration of: 

(1) molecules of H.4 and the ion pair Na+ + A~, 

(2) the ion pairs H+ + A~ and Na+ + A~, 

(3) molecules of and the ion pairs Na+ -f A~ and H+ -}- .4“. 

(4) The penetration of molecules of Hi4 together with those of a 
weak base ZOH. 

(5) Exchange of ions of the same sign. 

When a weak electrolyte H.4 is the only solute present we cannot 
decide whether molecules, alone or molecules and ions enter by com- 
paring the velocity constants at different pH values, since in both 
cases they will behave alike, remaining constant if Fjir is constant and 
falling off with increase of external pH value if Fm falls off. But if a 
salt (e.g., NaA) is the only substance penetrating the velocity constant 
will increase ^vith increase of external pH value: if molecules of H.4 
and the ions of a salt NeuI penetrate together the velocity constant 
may increase or decrease while the internal pH value rises. 

The initial rate (-“ j (f.e., the rate when Mi — 0 and Ai — 0) 
\ o/ /i 

falls off with increase of external pH value if HA alone is present 
and penetrates as molecules or as ions (or in both forms). But if a 
salt (e.g., NaA) penetrates the initial rate may in some cases decrease 
and then increase as the external pH value increases. 

At equilibrium the value of Mi equals that of Mp (no matter whether 
molecules alone penetrate, or ions alone, or both together). If the 
total external concentration (So = Mg -j- Ao) be kept constant a 
decrease in the external pH value will increase the value of Mp and 
make a corresponding increase in the rate of entrance and in the- 
value at equilibrium no matter whether molecules alone penetrate, ' 
or ions alone, or both together. 

What is here said of weak acids holds with suitable modifications 
for weak bases and for amphoteric electrolytes and may also be 
applied to strong electrolytes. 




